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This thesis contains the theoretical investigations performed on the terahertz (THz) 
spectroscopic properties of two explosives and related compounds (ERCs), 2,4-
Dinitrotoluene (DNT) and 2,6-DNT, and a non-ERC, para-Aminobenzoic acid (PABA). 
THz spectroscopy is a relatively new technique, showing great promise to be deployed 
for non-intrusive concealed detection and identification of ERCs in airports and places 
with stringent security. Many ERCs have unique fingerprint absorption in the THz region, 
allowing their unambiguous identification. The two isomers, 2,4-DNT and 2,6-DNT, 
have been shown to have different THz spectra from 0 to 3 THz. These DNT isomers are 
degradation products and synthesis impurities of the common explosive Trinitrotoluene 
(TNT) and can be exuded from TNT during storage. Hence, the detection of DNT 
isomers is important for security reasons. 
The observed THz spectroscopic properties of 2,4-DNT and 2,6-DNT from 0 to 3 
THz are well reproduced by the theoretical calculations in this thesis. The theoretical 
approach taken in this thesis aims to acquire knowledge through the progressive inclusion 
of intermolecular interactions via the modeling of an isolated monomer, dimer and 
tetramer. All observed spectral peaks of the THz spectra of solid pellet 2,4-DNT and 2,6-
DNT from 0 to 3 THz are assigned, providing information on the origins of the 
vibrational modes.   
The calculations performed on PABA, with different intermolecular hydrogen 
bonding between molecules in the crystal structures, highlight the importance of 
vii 
 
knowledge of the arrangement of the molecules in the crystalline environment when 
studying the THz spectroscopic properties.   
This theoretical study shows that intermolecular vibrational modes and 
intermolecular vibrations coupled with intramolecular vibrational modes are responsible 
for the absorption peaks in the THz region. The assignment of the observed vibrational 
frequencies in the THz region is heavily reliant on having a good knowledge of crystal 
structure and selecting a theoretical method that can aptly describe the intermolecular 

















 Chapter 1 
Introduction 
1.1  Terahertz  
Recent advances in Terahertz (THz) science and technology make
most promising research areas in the 21
frequency, also known as THz radiation, 
and infrared in the electromagnetic (EM) spectrum.
the EM spectrum between 1
corresponding to sub-millimeter 
Figure 1.1 Chart showing the characteristic vibrational modes or interaction 
principle in different regions of the EM spectrum
st
 century for detection and imaging. 
T-rays or THz gap, lies in between microwave 
 It is often defined as the portion of 
00 GHz (3 x 1011 Hz) and 10 THz (10 x 10












One of the main reasons for the interest in THz research lies in its unique 
properties to be used as both an imaging tool as well as a spectroscopy tool. THz 
spectroscopy has shown great promise in identification of compounds as it can provide 
chemical and structural information. While Infrared (IR) spectrum of compounds arises 
from intramolecular vibrations, THz spectroscopy has shown its usefulness in 
identification and study of intermolecular interactions. Absorption bands in the THz 
region arise from collective motions of molecules such as molecular rotations of gas 
molecules, low frequency vibrations such as torsions and deformation, intermolecular 
hydrogen bonding stretches, other intermolecular vibrations and phonon vibrations1-3.  
Many solid materials have unique absorption fingerprints in the THz region 
especially in the region 0 to 3 THz. Explosives and related compounds (ERCs), 
biomolecules and illicit drugs are amongst these solid materials and exhibit characteristic 
spectral features in the THz region. These fingerprints absorption in the THz region can 
be used for detection and identification in security screening especially in airports.  
Besides being used as a spectroscopy tool, THz is also a potential imaging tool for 
non-intrusive, concealed detection. THz radiation can be transmitted through many non-
polar, dielectric and non-metallic materials4. Many of the common materials such as 
clothing, plastics, paper, cardboard, leather, semiconductors, human and animal tissues 
are transparent or partially transparent in the THz region. Hence, THz radiation can 
essentially pass through common packaging materials and outer-clothing to reveal the 
contents of sealed packages or baggage and detect concealed weapons, metallic objects or 
other suspicious objects underneath clothing.  
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Moreover, THz rays are safe to be used for imaging and non-intrusive security 
screening. THz can be used at low microwatt power range because of the highly sensitive 
coherent detection schemes available. THz radiation is non-ionizing in nature as it has 
low photon energies of about 4 meV for 1 THz, which is approximately one million times 
weaker than the photon energies of X-ray. Thus it is safe for applications in human and 
biological tissues.  
Currently, most airports have X-rays imaging systems for the screening of hand 
held items and baggage and walk-through metal detectors for screening of presence of 
metallic items carried by passengers. Full body scanners such as back-scattering X-rays 
and millimeter wave full body scanners are currently being deployed in some airports. 
These scanning systems can reveal any concealed weapons or metallic objects under 
one’s clothing and image the contours of the skin. Claims regarding the low ionizing 
effect of the X-rays emitted by the backscattering X-ray systems have been made. 
However, X-rays are generally ionizing and harmful and may pose as health hazards for 
frequent travelers whom have to be subjected to frequent exposure to these scanners. 
Hence, there are still debatable safety issues regarding these scanners. Although 
millimeter wave systems are non-ionizing and are harmless to human at low or moderate 
power levels, these systems can only be used for active or passive imaging and cannot be 
used in identification since there is no unique characteristic absorption of the targeted 
compounds in the millimeter wave region5. The above mentioned factors make imaging 
and detection using THz more attractive over the current available techniques such as X-




THz is often termed as one of the least explored regions in the EM spectrum. This 
is due to difficulty of getting appropriate radiation sources and detectors. The technology 
has not reached a mature stage whereby high powered frequency sources can be readily 
obtained and this also translates to the high cost of THz spectrometers. However, 
research and improvements in the recent few decades have allowed more efficient 
sources to be developed in generation of THz radiation. THz waves are generally either 
pulsed or continuous wave and can be generated and detected by several different 
systems. Each of these systems has different advantages and limitations in terms of the 
output power, detection efficiencies, signal to noise ratio etc. 
 Free electron laser is the most powerful source of THz radiation currently 
available. It can be used to generate both continuous wave and pulsed beams of coherent 
THz wave with excellent efficiency. However, the bulky and costly source made it 
unfeasible for most applications. Ultrafast laser has been a popular source for THz 
generation since 1990s. It can generate and detect picoseconds THz pulses with the usage 
of near IR femtosecond lasers by a coherent and time-gated method. THz-time domain 
spectroscopy (THz-TDS) and THz pulsed spectroscopy are based on ultrafast laser 
technology. 
Generally, THz- time domain spectroscopy (THz-TDS) is one of the most widely studied 
techniques used in THz measurements of ERCs. This technique allows both the 
amplitude and the phase of the THz pulse to be measured and so, the absorption 
coefficient and refractive index can be determined without the usage of the Kramers-
Kronig relation6-8. This method is insensitive to the thermal background, relies on the 
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synchronous and coherent detection and thus, possesses an extremely high signal to noise 
ratio of up to 10,000: 1.  
One of the most popular and efficient way to generate and detect THz radiation using a 
femtosecond laser beam for THz-TDS is to use a photoconductive switch, usually in the 
form of two electrodes on a GaAs semi-conductor. A bias voltage is applied across the 
two electrodes, a femtosecond pulse is used to generate electron-hole pairs, which will be 
accelerated across the electrodes by the electric field. The accelerated electrons will result 
in transient current pulse, which, in turn, emit THz radiation2, 9.  
Besides its promising deployment in security screening for ERCs, weapons and 
drugs, THz spectroscopy and imaging has vast potential applications in other areas such 
as dentistry, detection of illicit drugs for undermining drug abuse4, 9, study of 
pharmaceuticals9 and detecting biological samples such as proteins, amino acids and 
DNA samples10, as well as bioimaging for medicinal purposes1.  
1.2  Terahertz Spectroscopy of Explosives and Related Compounds (ERCs) 
Most of the THz spectra of ERCs reported were obtained using THz-TDS from 0 
to 3 THz (0 to 100 cm-1). Fourier transform infrared spectroscopy (FTIR) is commonly 
used to obtain spectra in the low frequency range from 3 to 20 THz to supplement the 
THz-TDS data. Some of the common ERCs studied include, 2,4-Dinitrotoluene (2,4-
DNT), 2,6-Dinitrotoluene (2,6-DNT), 2,4,6-Trinitrotoluene (TNT), Octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine (HMX), 1,3,5-Trinitro-1,3,5-triazacyclohexane (RDX), 
Pentaerythritol tetranitrate (PETN), 2,4-Dinitrotoluene (DNT), 2,6-DNT, Nitroguanidine 
and  4-Nitrotoluene6-7, 11-12. The ERCs showed characteristic and unique absorption 
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details in the THz region. These fingerprint absorptions make it possible to use THz 
spectroscopy as an identification tool.   
Table 1.1 Measured absorption peaks position of common ERCs in the low 
frequency region 0 to 3 THz7 
ERCs Measured Absorption Peaks (THz) 
2,4-DNT 0.45, 0.66, 1.08, 1.36, 2.52 
2,6-DNT 1.10, 1.35, 1.58, 2.50 
TNT 1.62, 2.20 
RDX 0.82, 1.05, 1.36, 1.54, 1.95, 2.19 
PETN 2.0, 2.16, 2.84 
HMX 1.78, 2.51, 2.82 
Tetryl 1.17, 2.06, 2.70 
 
Generally, ERCs have low vapour pressure, exist in solid phase and are often available in 
powdered form at room temperature. The THz spectra of the ERCs were mostly 
measured at room temperature (293 to 298 K). The solid were usually ground into fine 
powder to reduce the effect of scattering and pressed into pellets under pressure2, 13. 
However, compounds sensitive to high pressure were mixed with polyethylene, a 
material that is almost transparent in the THz region, before compressing.  
It has been shown experimentally that the plasticizers and additives present in 
commercialized or military type bulk explosives do not exhibit characteristic absorption 
lines in the THz region or do not affect the THz spectra of explosives significantly. Slight 
peak shifts or peak broadening may be observed but the general fingerprints of the 
explosives can still be identified2, 11.The THz pulsed spectroscopy of common baggage 
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items such as toothpaste, hair gel and liquid soap were studied and found to have broad 
absorption profile with no sharp spectral features3. Furthermore, it has been shown that 
covering materials such as plastic, leather and cotton do not hinder the identification of 
ERCs using THz-TDS7. These show that the common materials and non-target materials 
give minimal interferences and give a greater confidence in application of THz for 
concealed security screening purposes.   
There are a few important factors influencing the THz spectrum. Factors such as sample 
preparation, the substrate and matrix effect as well as the conditions in which the 
experiment is carried out are all important and can affect the quality of the THz 
spectrum2. For example, the sample can be in the form of powdered pellets, thin film or 
as single crystals. The particle size of the compound is important as it may affect the 
quality of THz spectrum obtained. For pellets with particle size similar or larger than the 
wavelength of THz, which is approximately 300 µm, scattering will occur resulting in a 
loss of amplitude in the THz spectrum. Thus the samples have to be ground to 20 to 50 
µm in particle size.   
The relative humidity present in the atmosphere is a source for concern as water absorbs 
in the THz region. Many of the experimentalists purged the sample cell with nitrogen gas 
in order to reduce the interferences by water vapour. Temperature at which the spectrum 
is taken is also another determining factor. Spectra with more well resolved and narrower 
peaks have generally been obtained with decreasing temperatures14.   
The THz absorption spectra of ERCs obtained using THz-TDS can be collated into a 
database which will be useful for application in security screening. Theoretical 
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calculations should be carried out to aid the understanding of the origins of the spectral 
details observed experimentally.  
1.3 Theoretical Studies  
Theoretical calculations have increasingly been employed to complement the 
experimental study of low frequency vibrations of ERCs. The calculated THz spectra of 
the ERCs can be used to assign corresponding experimental absorption peaks. 
Assignment of the vibrational frequencies should be made to identify the vibrational 
modes that give rise to the characteristic THz absorption peaks of the different ERCs. A 
good knowledge on the nature of the vibrational modes of the experimental absorption 
peaks will aid in the understanding of the unique fingerprints of the ERCs. 
Isolated molecule calculations, where only a monomer is modeled, have been 
carried out on different classes of compounds, such as ERCs and biologically important 
molecules, in an attempt to reproduce the experimental THz spectra. DFT calculations, 
usually B3LYP functional, were employed. These isolated molecule calculations 
generally sufficed in reproducing the vibrational frequencies observed experimentally for 
the mid IR or THz modes greater than 3 THz as these mainly arises from intramolecular 
modes, but often failed to reproduce the observed peaks from 0 to 3 THz. These studies 
attributed the unaccounted vibrational frequencies observed in the THz region (0 to 3 
THz) to intermolecular or phonon mode1, 3, 15. Moreover, many others have reported that 
for compounds such as amino acids, the isolated molecule gas-phase calculations have 
failed to account for the experimentally observed THz spectra due to the exclusion of the 
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intermolecular hydrogen bonding. Hence, it is inappropriate to assign THz absorption 
peaks based only on single-molecule calculations.  
These low frequencies absorption in the THz region arises from crystal lattice 
vibrations, intermolecular interactions like hydrogen bonding stretches or hydrogen 
bonding bending vibrational modes. An isolated molecule model cannot be used suitably 
for the study of the low frequency vibrations due to its failure in accounting for any 
intermolecular interactions. Most groups agree and recognize the importance of including 
the intermolecular interactions in calculation models to better reflect the actual molecular 
environment of the compounds in crystalline state.  
Solid state software with periodic boundary conditions are increasingly used for 
calculations of THz vibrational frequencies. The software generally include CHARMm, 
DMol3, CPMD, CASTEP and VASP. Allis et al carried out solid state calculations using 
DMol3, a DFT quantum mechanics code, on common ERCs, PETN, HMX and RDX16-19. 
Both the isolated molecule and a crystal unit cell were employed as models in the 
calculations, with geometry optimization and harmonic normal mode analyses 
calculations being performed using DFT methods. The isolated molecule calculation was 
unable to describe the compound in its crystal lattice accurately and could not model the 
interactions between the molecules in the solid state. However, it provided an important 
insight to the geometry of the molecule of the compound in the gas phase.  The optimized 
geometries from unit cell solid state calculations gave better agreement with experimental 
data as compared to isolated molecule gas-phase calculations. It was observed from 
calculations that there was a change in the geometry of the RDX molecule from isolated-
molecule state to crystalline state. Presence of weak intermolecular bonding and 
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hydrogen bonding between the molecules caused the geometry to change between 
different phases. The authors noted that approximately 45% of the spectral intensity was 
due to external vibrations that could never be observed by isolated molecule calculations, 
emphasizing the importance of inclusion of intermolecular interactions in calculating of 
the THz spectra of molecular solids. The assignment of the absorption peaks by solid 
state calculations showed that many of the vibrational modes in the THz region were 
found not to be solely attributed by either intermolecular or intramolecular vibrations. 
The vibrational modes were best described as phonon modes with strong intramolecular 
coupling20.  
Currently, the solid state software with periodic boundary conditions still face 
many limitations. Frequency and intensity calculations employing the first principles 
calculations with periodic boundary conditions were noted to have some ambiguity15, 21. 
One of the most widely acknowledged problem in solid state software is the current lack 
of DFT functionals that can adequately describe the dispersion interactions. Weak 
dispersion forces are commonly observed in the crystal structures and the dispersion 
forces are one of the predominant forces responsible for the intermolecular interactions in 
the solid state. The poor description of these long range interactions may pose errors in 
the calculations. Another challenge is the very high computational cost involved in solid 
state calculations. Stringent convergence criteria are often required to reduce the 
numerical errors from the calculations as these errors cause inaccuracies in the 
frequencies and intensities, which are especially intolerable in the low frequency region. 
The computational time taken for a well converged periodic boundary calculation to be 
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completed can be relatively long compared to calculations performed on molecular 
systems.  
Another theoretical modeling approach used in studying the THz spectroscopic 
properties of chemical compounds such as ERCs22 and biologically important 
molecules15, 23 is to perform DFT and/or MP2 calculations on the dimer and tetramer 
systems. Takahashi, M et al15 carried out THz spectroscopy of benzoic acid at different 
temperatures and calculated the low frequency vibrations with benzoic acid dimer and 
tetramer and complemented these calculations with solid state calculations using 
CASTEP. The dimer model optimized at MP2/6-311++G (d,p) was said to be sufficient 
in reproducing THz spectrum taken experimentally at room temperature as the optimized 
dimer had geometry in good agreement with that of the crystal structure. The inter-layer 
tetramer model was found to be more appropriate in reproducing the THz absorption at 
lower temperature. Assignment of the absorption peaks from mid IR region to THz 
region was made.   
Calculations employing the dimer, tetramer models and the unit cell have shown 
to give much better correlation to the experimental THz spectrum than the isolated 
molecule model. The dimer and tetramer models have also shown to be promising for the 
assignment of THz spectrum through the effective modeling of the intermolecular 
interactions. Both the solid state unit cell calculations and dimer or tetramer calculations 
have shown that it is important to find the appropriate theoretical method to study the 
systems in order to get good correlations with experimental THz spectrum.  
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The ERCs have shown to exhibit unique fingerprints THz spectra. Theoretical 
calculations are required to characterize the experimentally observed THz spectral details. 
This leads to the objectives in this theoretical study. First and foremost, the main 
objective is to investigate the THz spectroscopic properties of the ERCs, 2,4-DNT and 
2,6-DNT, using computational methods and seek to give a definitive assignment of the 
experimental absorption peaks in the THz region (0 to 3 THz) in order to fully understand 
the origins of the vibrational modes giving the unique fingerprint THz spectra. The 
second objective is, to assess the feasibility of predicting THz absorption spectra of a list 
of ERCs with a single theoretical method, without the need to procure any expensive 
instrumentation for experimental THz measurements. This objective is less straight 
forward as compared to the first objective, and the theoretical investigation of THz 
spectroscopic properties of an extensive range of ERCs is required in order to fully 
achieve this objective. However, due to the limited time frame of a Masters thesis, the 
feasibility will be discussed based only on the study of the three compounds, 2,4-DNT, 
2,6-DNT and para-Aminobenzoic acid, in this thesis.  
In this thesis, a brief overview on computational methodology used for the 
calculations is discussed in chapter 2 before embarking on the discussion of the different 
systems. Chapter 3 covers theoretical investigation conducted on 2,4-DNT. A single-
molecule model and different oligomeric systems of 2,4-DNT were studied. Structural 
properties and vibrational frequencies were calculated using different methods. 
Assignment of the vibrational frequencies is discussed. Chapter 4 focuses on 2,6-DNT, 
an isomer of 2,4-DNT, and extends the methodology used in Chapter 3 to this ERC. 
Similarly, this chapter attempts to give an insight to the various vibrational modes that 
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give rise to the unique absorption peaks in the THz region. Lastly, Chapter 5 consists of 
theoretical study on a non-ERC compound, para-Aminobenzoic acid. This chapter 
highlights some of the challenges faced with applying the oligomeric model approach to 
cases when the polymorphic crystal structures exist for a compound. The focus of this 
chapter lies in understanding the absorption frequencies in the low frequency region 
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2.1  The Schrödinger equation 
Quantum mechanics explain the dual nature of an entity, like an electron, having 
both wave-like and particle-like properties. The basis of quantum mechanics is formed 
from the Schrödinger equation, which describe the wavefunction of a particle.  
The time dependent Schrödinger equation can be written in the following form 
 
− ħ2  	 +   +     +    ,  = ħ  ,   
 
where ħ is Planck’s constant divided by 2pi, m is the mass of the particle ( in this context, 
electron), V is the external field, i is the square root of -1, Ψ is the wavefunction and  
and t refers to the spatial and time component respectively, where   = xi + yj + zk . 
Hence, in the context of an electron, equation 2.1 refers to an electron of mass m, moving 
in space,  , and time, t, under an external field, V.  
The wavefunction Ψ can be written as a product of a spatial and time component  
,  =   
For subsequent discussions, only time independent Schrödinger equation is considered. 





− ħ2  	 +   +     +     =  
where E is the energy of the system.  
These reduce the time dependent Schrödinger equation into the familiar form  
Ĥ =  
Where Ĥ is the time independent Hamiltonian operator, Ψ is the wavefunction of the 
system and E is an eigenvalue that gives the energy of the system.  
For a molecular system (that includes a single atom system), the typical form of 
the Hamiltonian takes into account five different contributions to the total energy of the 
system. The five contributions are the kinetic energies of the electrons and nuclei, 
electrons and nuclei attractions, as well as the inter-electronic and inter-nuclear 
repulsions1: 
 Ĥ = −  ħ2 ∇!! −   ħ
2"" ∇" −    #
$"!""! +   #
!% +  #$"$&"&"'&!'%  
 
where  and ( run over electrons, ) and * run over nuclei,   is the mass of electron and 
" is the mass of the nucleus k, e is the charge on the electron, Z is the atomic number 
and rik stands for the distance between the two particle i and k . ∇2 is the Laplacian 
operator. For a specific particle, this Laplacian operator can be expressed in the form of 
Cartesian coordinates: 







The Hamiltonian Ĥ composes of two parts: kinetic and potential energy terms. 
Ĥ =  + + ,  
 ,  is the kinetic energy operator, which is a summation of ∇2 of all the particles 
(electrons and nuclei) in the molecule. ,  is the potential energy operator that represents 
the Coulomb interaction between each pair of charged particles. Their mathematical 
expressions are as follows: 
, =  − ħ2∇ 
                     
, = 14/01 2−   $&#∆!&&!  +     #
∆!% +   $"$&#∆"&"'&&!'%  !  4 
where the first, second and third term corresponds to the nucleus-electron attraction, the 
electron-electron repulsion and the nucleus-nucleus repulsion respectively.  
2.2  Approximations used in Hartree-Fock Theory 
It is impossible to solve the Schrödinger equation exactly for a molecular system 
except for a one electron atom such as the hydrogen atom. This is due to the difficulty in 
having accurate wavefunction because of the correlated motion of particles. Hence, 
approximations are necessary to simplify the solution of the Schrödinger equation.  
 2.2.1  Born-Oppenheimer Approximation  
One of the very basic and essential approximations is the Born-Oppenheimer 






separating the electronic motions from the nuclear motions. The key principle behind this 
approximation is that nuclei are much heavier than electrons and hence, the electrons tend 
to move much faster relative to the nuclei. In classical terms, this means that the change 
in nuclear configuration can be considered negligible during a cycle of electronic motions.  
Thus, by adopting the Born-Oppenheimer approximation, the nuclear and 
electronic components of the Schrödinger equation can be solved separately. The full 
Hamiltonian for the molecular system can be now written as follows:  
Ĥ =  ,  & 5 +  , 675&  89:; + , 675&< & 5 89:,  ; + ,  & 5   ::  + , 675& 9: 
  
 
where with  and 9: being the position vector of the electrons and nuclei respectively.   
Based on the approximation, the electronic Schrödinger equation is simplified as: 
Ĥ & 5 & 5 8, 9:; =  ==9::::  & 5, 9: 
where Ĥ & 5 is the electronic Hamiltonian. Solving Equation 2.11 for  & 5 , the 
electronic wavefunction, gives  == , also known as the effective nuclear potential  
function. This function is dependent on the nuclear positions and gives rise to the 
potential energy surface of the molecular system.  
Besides being used for the electronic equation,   == is used in the calculations of nuclear 
Hamiltonian, Ĥ675& :  






The vibrational, translational and rotational states of the nuclei can be described by this 
nuclear Hamiltonian, Ĥ675&.  
2.2.2 General Poly-electronic System and Slater Determinant 
From the Born-Oppenheimer approximation, the Schrödinger wavefunction can 
be separated into two parts: electronic and nuclear. In order to solve the electronic part, 
the wavefunction can be expressed as a product of one-electron wave functions: 
1,2, … , ? = @12 … 6? 
This product of the wavefunction is also better known as the Hartree-product. The 
wavefunction of a poly-electronic system can be written as a Hartree product, with the 
combination of the molecular orbitals, this can be represented as:  
 = A@@A … A6?:6 
where A!! is the molecular orbital occupied by electron i.  
However, a major problem with this wavefunction is that, it is not anti-symmetric. 
The interchanging of the orbitals of two of the electrons, i.e the !s, will not result in any 
change in sign. Hence, this Hartree product is an inadequate wavefunction. In order to 
satisfy Pauli’s exclusion principle, the electron spin has to be taken into account. An 
electron can have a spin of up (+1/2) or down (-1/2). The α function is 1 when the 
electron is spin up and the β function is 1 when the electron is spin down. The electron 
spin function can then be written as either α(i) or β(i) for electron i. The anti-symmetric 
one-electron wavefunction, ! , also known as spin orbitals, is then a product of A!! 





The complete spin-orbital wavefunction for a closed shell wavefunction, with n electrons 
in n/2 molecular orbitals can be written as a determinant: 
 =  @√6!
D
D





2.2.3 The Variational Principle 
The Variational principle states that for the ground state of any anti-symmetric 
normalized wave function Φtrial, the expectation value for the energy of the system Etrial 
will always be greater than the energy for the exact wavefunction E0. This can be 
represented mathematically as follows: 
JKLM!N&OĤOKLM!N&P = LM!N&  ≥  1  =  JK1OĤOK1P 
where the equality will only hold if the guessed wavefunction Φtrial, is exactly the same as 
the wave function of the ground state Φ0.  
This principle allows a systematic pathway to determine the wavefunction of the 
ground state Φ0. The Variational principle is a powerful theorem as it allows one to be 
able to guess the quality of the wave functions used to represent the ground state from the 






2.2.4 Basis Sets 
Basis sets are mathematical functions used to construct the molecular orbitals of a 
system. These functions used in quantum mechanics calculations are usually atomic 
functions. The mathematical representation for an individual molecular orbital is 
expressed as:  
A! =  RS!TSU@ VS 
where A! refers to an arbitrary molecular orbital , RS! is a coefficient known as molecular 
orbital coefficients and VS refers to an arbitrary basis function The basis function V@ to 
VT are normalized.   
Initially, Slater-type orbitals (STO) were used in molecular orbital calculations 
due to their close resemblance to the hydrogen orbitals. However, some of the integrals 
are difficult to evaluate mathematically, particularly so for the systems with more than 
one atom as the atomic orbitals are centered on different nuclei. 
Hence, in ab initio calculations, the STO are commonly replaced by Gaussian type 
functions. This was proposed by Boys in 1950, to speed up the calculations. A Cartesian 
Gaussian that is centered on an atom, say atom b, is defined as follows: 
WX = = Y	ZXZ ZX#<[M\H 
where d, e and f are non-negative integers, α is the positive orbital exponent, 	Z,  Zand  
Z refers to the Cartesian coordinates of the nucleus of atom b. The Cartesian-Gaussian 






Y = 2E/ ]^ _8EXa a=b! #! c!2b! 2#! 2c! d@/ 
For cases where b + # + c = 0, which also means that d=0, e=0 and f=0 since d, e and f 
are non-negative integers, the Gaussian type function (GTF) is known as s-type Gaussian. 
For the cases where b + # + c = 1, the GTF is a p-type Gaussian, with  factors 	Z , 
Zand Z. When b + # + c = 2, the GTF is a d-type function, with six d-type Gaussians, 
having the factors 	Z , Z , Z , 	ZZ , 	ZZ  and ZZ . These six Gaussians can be 
combined to give angular behavior similar to that of the real five 3d orbitals. For the f-
type function, there is 10 f-type Gaussians and similarly, these 10 Gaussians can be 
combined to give the real seven 4f atomic orbitals behavior.  
 For Gaussian basis sets, the basis functions are actually made up of normalized 
linear combinations of a few Gaussians from equation 2.18. This is expressed 
mathematically as:  
VM =  b7M7 W7 
where b7M  is the contraction coefficients, which are held constant throughout the 
calculations and W7 is the normalized Cartesian Gaussians from equation 2.18. W7s’ and 
VM  are also known as primitive Gaussians and contracted Gaussian type functions 
respectively in this equation 2.20.  
The advantage of using contracted Gaussians rather than primitive Gaussians is 




computational time is greatly reduced. The resultant loss in accuracy will be minimized if 
contraction coefficients, b7M, are well selected.  
A minimal basis set refers to a mathematical representation that contains the 
minimal number of functions required to include all the atomic orbitals in each atom. The 
minimal basis sets include the STO-nG basis sets, where n Gaussian primitive functions 
are used to represent each orbital. Both the core and valence orbitals are described using 
the same number of primitive Gaussians. The most basic and minimum number of 
primitive Gaussians required to represent each Slater orbital is where n is 3. This give rise 
to the minimal basis set, STO-3G3 that is commonly used. It simply means that each STO 
is represented by a linear combination of 3 primitive Gaussians as one contracted 
Gaussian. Besides STO-3G, larger minimal basis sets with more primitive Gaussians 
such as STO-4G can be used. 
However, there are some problems associated with the minimal basis sets. These 
minimal basis set tend to have problems with atoms at the end of a period such as 
fluorine atom. This is because these atoms with more electrons are being described using 
the same basis set as the atoms with lesser electrons at the beginning of the same period.  
Basis sets that address the problems faced with the minimal basis sets were then 
developed. The common 3-21G and 6-31G basis sets are double zeta split-valence basis 
sets where two basis functions are used to describe the valence orbitals. The two basis 
functions compose of a contracted Gaussian type function, which is a linear combination 
of primitive Gaussians, and a diffuse Gaussian type function. Take the 6-31G basis set for 
example, the ‘6’ stands for six primitive Gaussians to describe the core orbitals, the ‘31’ 
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denotes that the valence orbitals are represented by a total of 4 Gaussians, the contracted 
part as a linear combination of 3 primitive Gaussians and 1 diffuse primitive Gaussian. 
The ‘G’ indicates that Gaussian functions are being used. Besides double zeta basis sets, 
triple zeta basis sets are also common. This class of split-valence basis sets is known as 
the Pople basis sets as it arose from Pople et al4-6.  
Polarization functions can be added to the basis sets to allow the distortion of the 
electron cloud by allowing the orbitals to change shape as polarization adds orbitals with 
angular momentum of a higher level than what is required. This can be indicated by 
adding an asterisk ‘*’ to the basis set. For example, polarization can be added to the 6-
31G basis set with an asterisk to give 6-31G*. This means that polarization functions are 
added to heavy atoms, i.e. non-hydrogen atoms, and six d type Gaussians will be added to 
the second row elements. The use of 6-31G**, with two asterisks indicates that p type 
functions will be added to the hydrogen and helium atom in addition to the polarization 
functions added to the heavy atoms. The basis sets 6-31G* and 6-31G** are also written 
interchangeably as 6-31G(d) and 6-31G(d,p) respectively.  
For anions and molecules with lone pair electrons, which have electron density 
further away from the nucleus, diffuse functions can be added to the basis sets to increase 
the size of the basis set, to increase the region of space in which the orbitals occupied. A 
‘+’ sign is used to indicate the use of diffuse functions being added to the heavy atoms 
(i.e. non-hydrogen atoms). A ‘++’ sign is used to denote diffuse functions being added to 
both hydrogen as well as heavy atoms. Hence, the basis set 6-31G with diffuse functions 
added to both hydrogen and heavy atoms can be written as 6-31++G.  
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The basis sets proposed by Dunning7 are also commonly used. These basis sets 
are obtained in a different way from the Pople’s basis sets. The general principle is that 
an atomic SCF will first be performed using a set of primitive Gaussians in which the 
exponents are optimized to give the lowest energy for the atom. The set of primitive 
Gaussians is then contracted to a smaller number of Gaussian functions.  
The Dunning basis set is in the general form cc-pVNZ, where N can be D, T, Q, 
and 5. The basis set, cc-pVDZ, stands for correlation consistent, polarized valence 
double-zeta, while T, Q and 5 stands for triple-zeta, quadruple-zeta and quintuple-zeta 
respectively. The addition of an ‘aug’ prior to the basis sets indicates the addition of 
diffuse functions.  
A sufficiently large basis set is required in order to describe the actual 
wavefunction accurately so as to give meaningful results.  
2.2.5 Hartree-Fock Theory 
The Hartree-Fock (HF) theory is formulated based on the above mentioned 
approximations and assumptions in order to solve the Schrödinger equation. The Born 
Oppenheimer approximation simplifies the Schrödinger equation and wavefunction is 
formed based on the linear combination of atomic orbitals (LCAO). The formulation of 
the Slater determinant (Equation 2.15) shows how the spin-orbital wavefunction of a 
closed shell system with n electrons in n/2 molecular orbitals can be expressed as a 
product of one-electron wavefunction.   
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The Fock operator (g,), an approximation to the true Hamiltonian operator of the 
system, accounting for the electron-electron interaction in a system, is used in the HF 
theory. The Fock operator of the ith electron, g, has the following general formula: 
g, = Ĥ5hM +  i2jk% − l+%mT%U@  
where Ĥ5hM  is the core Hamiltonian operator of the ith electron, jk% and l+% are 
the Coulomb and exchange operator respectively.  
The one-electron Fock operator can also be expressed as: 
g, = − 12 n!  −  $"!"  + !opq(}s
675& !
"  
where the first, second and term corresponds to the kinetic energy of one electron i, the 
electron-nuclei interaction and the HF interaction potential, which contains the classic 
coulomb repulsion and the exchange energy of the electrons, respectively. The HF 
interaction potential is: 
!opq(}s =  t u%!% b%v!  
 







The HF equations arising from the application of the Variational theorem to the 
Slater determinants can be expressed in a form that resembles the Schrödinger equation 
as follows: 
g,! =  0!! 
where ! is the orbital wavefunction and 0! is the orbital energy.  
The Roothaan-Hall equations, derived from the Variational principle, by 
Roothaan and Hall can be used to determine the molecular orbitals coefficients, Cνi , as 
follows: 
8gSw − 0!xSw;Rw! = 0TyU@  
where F and S are matrix elements, which are computed explicitly. F is the Fock matrix, 
representing the average effects of electronic field of all the electrons in an orbital and S 
is the overlap matrix, representing the overlap between orbitals.   
For a given set of basis functions, the following secular equation can be solved to 
determine to obtain the various roots  z:  
 
D g@@ − x@@    g@ − x@   ⋯ g@T − x@T   g@ − x@    g − x    ⋯ gT − xT   ⋮ ⋮ ⋱ ⋮gT@ − xT@   gT − xT   ⋯  gTT − xTT   D = 0  
A self -consistent field (SCF) procedure is used in solving the above secular equation in 
order to determine the orbital energies and coefficients. The orbital coefficients must be 






initially guessed using an effective Hamiltonian method, and then iterate to convergence. 
Hence, the HF method is also known as the SCF method.  
For a closed shell system, the Fock matrix can be expressed as follows: 




U@   
where }Sw5hM  is a matrix indicating the energy of a single electron in the field of the bare 
nuclei and P is the density matrix of an molecular orbital.  
The final HF energy can be expressed as shown:  
op =  & 5 +  66 
where  & 5 is the electronic energy, with contributions from }Sw5hM  , gSw and ~.  66 is 
the nuclear-nuclear repulsion energy.   
2.3  Post Hartree-Fock Methods  
One important assumption made in the formulation of the Hartree-Fock (HF) 
method is that each electron moves in a time-averaged potential field caused by the other 
electrons present in the system. Hence, there is no instantaneous electron-electron 
interaction considered in HF methods, especially the interaction between electrons of 
opposite spin. Consequentially, this leads to energy calculated using HF methods being 
higher than actual energy.  
Methods that go beyond the SCF to treat this problem are known as electron 





perturbation theory are the two classes of post-SCF methods that take electron correlation 
methods into account. The Møller-Plesset perturbation theory is discussed in greater 
details in the next section. 
2.3.1  Møller-Plesset Perturbation Theory 
Perturbation theory is used in quantum mechanics calculations for adding some 
corrections to solutions employing an independent particle approximation. In Møller-
Plesset (MP) perturbation theory1, 8-13, the Hamiltonian operator consists of two 
components, a reference component, Ĥ0, which is the sum of one-electron Fock operators, 
and a perturbation component, λV. This perturbation correction λV is assumed to be small 
relative to Ĥ0 and the perturbation operator V is not related to the potential energy.  
Ĥ =  Ĥ1  +   
where Ĥ1 is also known as the zeroth order Hamiltonian. λ is a parameter that can value 
from 0 to 1. When λ is 0, the Hamiltonian is equal to the zeroth order Hamiltonian. When 
λ is 1, the Hamiltonian will be equal to its true value.  
Both wavefunction Ψ and energies E of Ĥ are expressed in the powers of λ, as shown: 
 =  1 +  @ +  + ] +  ⋯  =   66U1 6 
 






where @ is the first energy correction term,  is the second energy correction term 
and 6 is the nth energy correction term.  
The perturbated wavefunction and energy terms are substituted back into the Schrödinger 
equation: 
Ĥ1 +   8 1 +  @ + ⋯ ; = 8 1 +  @ + ⋯ ;1 +  @ + ⋯  
 
Solving these equations give the corresponding MP energies. Solving it to the nth 
correction term give the MPn energies. The energy obtained for MP1 is actually the HF 
energy, with op = 1 +  @. Thus, in order to go beyond the HF treatment of the 
electronic system, it is necessary to use the MP perturbation theory corrected to at least 
the second level, i.e. MP2. It adds on a correction term to the HF energy by allowing the 
electrons to better avoid each other in the system with electron correlation consideration. 
The MP calculations can account for electron correlation and have an edge over 
the CI methods in terms of computational efficacy. Moreover, it is size independent even 
when a truncated expansion is being used. One of the known limitations of the MP 
perturbation theory is that it is non-variational and in some cases, gives energies that are 
lower than that of the true energy. The other practical limitation is that it is 
computationally expensive compared to HF and DFT methods.  
2.4  Density Functional Theory 
Density Functional Theory14 (DFT) is an approach to the electronic structure of 




calculate the full N-electron wavefunction, DFT only calculates the total electronic 
energy and overall electronic density distribution. 
The current DFT calculations are based on the Kohn-Sham approach; with its beginning 
dated all the way back in 1964, started by theorem developed by Hohenberg and Kohn. 
The Hohenberg-Kohn theorem consists of two parts: 
(1) The first theorem states that ground state electron density can determine the 
Hamilton operator, which characterises all states of the system. Hence, all the 
properties of the molecular system can be determined.  
(2) The second theorem is based on the variational principle and states that the 
functional, that delivers the ground state energy of the system, will deliver the 
lowest energy, if and only if the true ground state electron density, ρ0 is used. 
 
Kohn-Sham (KS) made use of the Hohenberg-Kohn theorem and came up with the 
underlying principle of modern DFT methods in 1965. In the KS formulation of DFT, the 
exact HF exchange for a single determinant is replaced by a general expression, the 
exchange-correlation functional. This exchange–correlation functional can be divided 
into two separated functionals: exchange and correlation functionals.  
The energy from the KS-DFT can be expressed as follows: 
 = +< ℎ~ >  + 12 < ~j~ > + ~ +  ~ 
where V  is the nuclear repulsion energy, <hP>  is the one electron kinetic and potential 
energy, @ < ~j~ > is the classic coulomb repulsion of electrons, ~ is the exchange 




2.4.1 Local Density Approximation and Local Spin Density Approximation 
The local density approximation (LDA) is the earliest approximation used for 
exchange-correlation energy. The main principle guiding this approximation is a 
hypothetical uniform electron gas model. The electrons in this system is said to move on 
a positive background charge distribution, where the total electron system is taken to be 
neutrally charged.  
The exchange-correlation energy of the LDA approximation can be expressed as follows: 
u = t u0u  b 
where 0u is the exchange-correlation energy per particle of  an uniform electron 
gas density of u at the spatial component ss.  
The exchange-correlation term, 0u, can be separated into the respective exchange 
and correlation contributions: 
 08u; =  0u + 0u 
 
  Local spin density approximation (LSDA) is an improvement to the LDA as it 
extends to spin-polarized systems. The exchange correlation energy density from LDA is 
replaced by a spin-polarized term:  
iu[, u m = t u0u[  , u b 
                                                                =  u0u,   b 






LDA and LSDA gave a good starting point for the inclusion of exchange-correlation 
energy. However, the assumption of uniform electron gas density is inadequate in most 
cases as the electron density of atoms and molecules tends to be inhomogeneous in reality.  
2.4.2 Generalized Gradient Approximation                        
Generalized Gradient Approximation (GGA) uses exchange-correlation 
energy,, that includes the electron density and gradient of the charged density. The 
DFT functionals using the GGA are gradient corrected. The general mathematical 
expression of   can be written as follows: 
 iu[, um =  t c8u[, u, nu[, nu;b 
 
where nu is the gradient of the electron density.  is usually split into its exchange 
and correlation components and these components are determined individually.  
Some examples of GGA DFT functionals include the Perdew, Burke and Ernzerhof (PBE) 
functional, Lee-Yang-Parr (LYP) correlation functional and Becke’s (B) exchange 
functional.  
2.4.3 Hybrid Functionals 
Kohn and Sham noted that the self consistent Kohn Sham DFT calculation is 
carried out in an iterative way in a similar fashion to that of an SCF calculation in 
Hartree-Fock (HF) theory. In addition, HF also includes an exchange term.  The 
observation that LDA and GGA trends are opposite to those of HF leads to the 
development of approaches that combines DFT and HF exchange, known as hybrid 
functionals.  




 Z =   op  + 1 − p + p 
 
where  is a coefficient chosen to specify the amount of HF exchange to be included in 
the hybrid functional.  
A very common and popular DFT functional, B3LYP15-16, is a three parameter 
hybrid functional with Becke exchange functional, the non-local correlation functional of 
Lee, Yang and Parr17 and VWN (III) local correlation functional. This Becke-style three 
empirical parameter functional may be expressed as: 
 ] ¡ =  + 1op −  + 8 5" − ; +    ¡ − ¢£T  
 
The values of 1,  and  are 0.20, 0.72 and 0.81 respectively, determined by  Becke 
after  fitting the calculated values to known thermodynamics data.  
 2.4.4 DFT functional with Long- Range Dispersion Correction and B97D 
A major widely recognized drawback of all GGA functionals, including the 
hybrid functionals, is the lack of description of long-range electron correlations that are 
responsible for van der Waals and dispersive forces18. In the recent years, several 
different approaches have been studied to focus on getting around this shortcoming. A 
widely studied method to include dispersion is the DFT-D method, where damped inter-
atomic potentials of the form, C6. R-6, is added to standard GGA functionals.  The C6 
term is the dispersion coefficient for an atom pair, derived from the London formula for 
dispersion. R refers to the inter-atomic distances.  
B97D19, a semi-empirical GGA type density functional constructed with a long-





empirical GGA from 1997 and replaces part of the non-local, long- and, medium-range 
electron correlation effects in the GGA functional by damped C6. R-6 dependent terms. 
The expansion parameters of B97D were determined by least squares optimization with 
respect to the energy deviations of a set of systems. 
2.4.5 Meta-Generalized Gradient Approximations 
Meta-generalized gradient approximation (meta-GGA) incorporates additional 
semi-local information by taking the second order gradient and the Laplacian of the 
density (kinetic energy density) into account. In the recent few years, Zhao and Truhlar et 
al developed a series of meta-GGA and hybrid meta-GGA, also known as the M0 family 
of functionals20-25. The M0 family of functionals is parameterized against known data sets. 
An example of hybrid metal-GGA is M06-2X22, a high non-locality functional with 
double the amount of non-local exchange, parameterized against non-metal atoms test 
sets.  
2.5 Vibrational Analysis  
Vibrational analysis is only meaningful when performed on an optimized 
structure where the first derivatives of energy with respect to displacement of the atoms 
are zero. Therefore, the vibrational analysis must be generated at the same level of theory 
and basis set as the geometry optimization. The procedure used by Gaussian 0926 in 
performing vibrational analysis is summarized as follows: 
1. The second derivatives of the energy with respect to Cartesian nuclear coordinates 
are determined. The Hessian matrix is then mass-weighted and converted to mass 
weighted Cartesian coordinates. 
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2. Next, the principle axes of inertia are determined so that the matrix that 
diagonalizes the moment of inertia tensor can be located and consequently, find 
the vectors corresponding to rotations and translations. This allows the distinction 
of low frequency normal modes with translational and rotational modes. 
3.   The coordinates in the rotating and translating frame will then be generated. 
4.  The Hessian in mass weighted coordinates is then transformed to new internal 
coordinates. The vibrational modes corresponding to the internal coordinates will 
then be diagonalized.  
5. The frequencies will be calculated and presented in wavenumbers.  
6. The reduced mass, force constants and Cartesian displacements are calculated. 
  Computed vibrational harmonic frequencies are typically larger than the 
fundamentals observed experimentally. This disagreement arises because theoretical 
frequency calculations neglect the effects of anharmonicity. Possible sources of errors 
also come from the incomplete incorporation of electron correlation and the usage of 
finite basis sets. Thus, scaling factors for obtaining fundamentals for the various 
theoretical methods have been recommended27-29. Different sets of scaling factors for the 
low-frequency vibrational frequencies27 have also been developed for more appropriate 
correlation to experimental values less than 1000 cm-1 and 1800 cm-1.   
The frequencies presented in this thesis are not scaled due to a few considerations. 
The main reason is the lack of established scaling factors for newer methods such as 
B97D. Moreover, the majority of the frequency values in the test set used for deriving 
scaling factors for low frequencies are greater than 500 cm-1, with only few test values 
around 100 to 300 cm-1.  Hence, these scaling factors are inappropriate for frequencies in 
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the THz region below 100 cm-1. Moreover, the theoretical calculations presented in the 
later chapters of this work suggest that the deviations of calculated frequencies from 
experiment are random rather than systematic. Hence, it may not be feasible to assign a 
scaling factor. The frequency unit conversion factor from wavenumbers (cm-1) to 
terahertz (THz) is 1 cm-1≡ 0.02998 THz.  
2.6  Relative Intensity Calculations 
For the direct comparison of calculated and experimental Infrared (IR) intensities in this 
thesis, the absolute intensities were further computed into relative percentage values: 
9#*¥# ?#?¦ =  §¨¦©*ª# «9 ?#?¦}Wℎ#¦ §¨¦©*ª# «9 ?#?¦ × 100 
where the highest absolute IR intensity refers to the intensity of the most intense peak in 
the region of interest, i.e. 0 to 3 THz for the context of this thesis.  
The relative intensity obtained is then assigned as strong, medium or weak based on the 
following scale: 
0 to 20% - weak (w) 
20 to 70%- medium (m) 
70 to 100%- strong (s) 
This same relative intensity scale is used throughout this thesis for fair comparison of 
experimental and calculated IR intensities. The relative intensities calculated remain 





2.7 Periodic Boundary Conditions -CASTEP  
CASTEP30 is a software package that employs DFT in the calculations of materials and 
atoms based on a supercell method, where all studies must be performed on periodic 
systems. The CASTEP code was first created by Prof. M.C. Payne. In 1999, CASTEP 
Development Group was formed to redesign and improved its code. A few important 
theorems and concepts in the electronic calculations of solids will be highlighted in the 
following sections. 
2.7.1 Bloch’s Theorem 
The Bloch’s theorem is an important theorem for studies of periodic systems developed 
by Bloch in 1928. Bloch’s theorem states that the wavefunction of an electron in a 
periodic system must be the product of a cell- periodic part and a phase factor, in order to 
preserve the translational symmetry of the electron density31. The phase factor is a wave-
like component, which takes the form of a plane-wave. The cell-periodic part can then be 
expanded using basis set which consists of a discrete set of plane-wave whose wave-
vectors are reciprocal lattice vectors of the crystal31-32.  
2.7.2 Brillouin zone sampling 
In an infinite crystal solid, there are infinitely closely spaced k-points. The k-points arise 
from the phase factor in Bloch’s theorem, where, for a class of vectors, k, the phase factor 
will be equal to 1 and the wavefunction is in phase in all the periodic replicas of the unit 
cell.  The primitive reciprocal lattice vectors of an unit cell defines a cell in the reciprocal 
space, referred to as the (first) Brillouin zone. 
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2.7.3  Plane Wave Basis Sets 
Based on the Bloch’s theorem, the basis set used in CASTEP is the plane wave basis set. 
The plane wave basis set32 is a special class of basis set that is usually used with DFT 
functionals by solid state physicists. The plane wave basis sets do not comply with the 
linear combination of atomic orbitals theory (LCAO) and the plane waves are not 
centered on the nuclei, but rather, they are extended out in space. These two special 
characteristics set the distinction of plane waves from other basis sets. The reason for its 
popularity in solid state calculations is because it can aptly be used since it essentially 
involves periodic boundary conditions concepts.  The use of plane wave basis set is 
limited to solid state calculations and seldom used for molecular quantum chemistry due 
to the high computational cost required in exchange for high accuracy.  
2.7.4  Pseudopotentials 
Pseudopotential is being used as an approximation to simplify a complex system. In this 
context, the complex system can be referred to a solid with ionic cores and valence 
electrons, where the ionic cores consist of the nuclei and core electrons.  
Since the core electrons do not participate in chemical bonding actively, it can be taken 
that the wavefunctions of the electrons in the core region remains unchanged essentially. 
Thus, together with the nuclei, they can be replaced by an effective potential. This 
effective potential, together with a screened nuclear coulomb potential, are known as 
pseudopotential. The usage of pseudopotentials in solid state calculations greatly reduces 
the number of plane-waves required to represent the pseudo-wavefunctions and 
consequentially, reduces the computational time.  
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A few different pseudopotentials are available in CASTEP. However, the current 
implementation only allows the use of norm-conserving pseudopotentials in calculation 
of vibrational frequencies. Norm-conserving pseudopotentials are one of the earliest 
types of pseudopotentials developed by Hamann et al in 1979 where the pseudopotentials 
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Terahertz Spectroscopic Properties of 2,4-Dinitrotoluene 
 
 
3.1 Introduction  
2,4-Dinitrotoluene (2,4-DNT) is the most commonly found isomer of 
dinitrotoluene and is well known to be the precursor of the powerful explosive 
trinitrotoluene (TNT). It is often present as a by-product alongside with TNT and is also a 
degradation product of TNT1. 2,4-DNT is also one of the common components in 
propellants and high explosives formulations2. Hence, unambiguous identification of 2,4-
DNT is important for security screening purposes.  
 2,4-DNT possesses unique fingerprint absorption in the terahertz (THz) region. 
The THz spectra of gas phase 2,4-DNT, aqueous solution of 2,4-DNT in toluene, solid 
pellet 2,4-DNT and 2,4-DNT waveguide film have been reported by different groups, 
mainly with Terahertz- time domain spectroscopy (THz-TDS).3-6  
The gas phase 2,4-DNT gave a broad absorption peak with vibration-rotational 
spectral details in the THz region7 while 2,4-DNT in solution showed less absorption 
peaks than the solid phase. THz spectra of both liquid 2,4-DNT in toluene and solid 2,4-
DNT have been obtained experimentally using Fourier transform infrared (FTIR) 
spectroscopy from 1.5 THz to 20 THz4. A peak at 2.52 THz was only observed with the 
solid pellet sample, indicating that this peak most probably arose from an intermolecular 
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or phonon mode. The solid state spectrum is most widely studied and of higher 
importance than the aqueous or gaseous phase because of the unique and observable 
absorption details in the THz region. Another reason for studying the solid state spectra is 
that most explosives and related compounds (ERCs) exist in the solid phase in room 
temperature and have low vapor pressure.  
2,4-DNT solid pellets are generally prepared by grinding solid samples into fine 
powdered forms with small particle size and pressed into pellets using high pressure. 
There were some discrepancies in the experimental solid state THz absorption spectra 
obtained by different groups either due to the different frequency range measured, the 
preparation of the sample8-9 or the temperature at which the THz spectra were measured. 
Generally, well-resolved and narrower peaks can be observed at low temperature5. More 
peaks were observed at 11 K than 293 K for solid pellet 2,4-DNT in the same THz range.  
Room temperature THz absorption spectrum of solid pellet 2,4-DNT generally 
have two prominent peaks of high intensity around 1.08 and 2.52 THz. Chen et al3 did a 
THz absorption coefficient study on 17 ERCs, including 2,4-DNT, from 0.1 to 3.0 THz at 
room temperature. The absorption coefficients, giving information regarding the intensity 
of absorption, were determined accurately from 0.1 to 2.8 THz. The peaks observed for 
solid pellet 2,4-DNT were at 0.45, 0.66, 1.08, 1.36 and 2.52 THz3. These room 
temperature THz spectra of ERCs are more appropriate for the potential usage as 
database entries for security screening purposes as it is more representative of the actual 
temperature conditions in real applications. Hence, this set of experimental absorption 
frequencies is taken as the main experimental reference for this thesis.  
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To date, only isolated-molecule calculations have been performed for 2,4-DNT4. 
The  experimentally observed peaks of high intensity at 1.08 THz and 2.52 THz could not 
be assigned by DFT calculations using B3LYP/6-311+G**, while the rest of the 
experimental peaks from 3 to 19.5 THz were in reasonably good agreement with the DFT 
calculations in terms of the frequencies and relative infra-red (IR) intensities.  
This chapter aims to give a definitive assignment of the absorption peaks 
observed in the low THz region, from 0 to 3 THz. Monomer, dimer and tetramer systems 
were employed as theoretical models in this work to study the effects of intermolecular 
interactions on the absorption frequencies in the low THz region.  
3.2  Computational Methodology 
All monomer, dimer and tetramer calculations were carried out using Gaussian 09 
(G09)10. Geometry optimizations and frequency calculations were studied using Density 
Functional Theory (DFT) and second order Møller-Plesset perturbation theory (MP2)11 in 
G09. The DFT functionals examined in this work include B3LYP12-13, M06-2X14 and 
B97D15. 
B3LYP is well-known to be reliable for theoretical studies of medium size 
molecular systems16-17. However, it tends to underestimate weak, long-range interactions. 
To address this issue, newer DFT functionals, M06-2X and B97D, were employed for 
improvement in accounting for the weak dispersion interactions between the 2,4-DNT 
molecules in the crystalline state.   
The main basis set employed in this work was 6-311+G**. This basis set was 
employed in previous studies6, 18 and has shown to give predicted frequencies that agree 
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well to experiments for the IR region. In addition, the study on the effect of basis sets on 
the vibrational frequencies and IR intensities in section 3.3.3.2.1 was carried out by 
examining the different basis sets with B97D functional. The various basis sets examined 
in this study were the Pople basis sets, namely, 6-31G*, 6-31+G*, 6-31+G**, 6-311+G**, 
6-311+G(2d,p) and 6-311+G(2df,p) and the correlation consistent basis sets developed by 
Dunning et al, namely, cc-pVDZ and aug-cc-VDZ.   
CASTEP19 calculations were employed for the periodic boundary conditions study of 2,4-
DNT unit cell. The DFT functional, PBE20-21, with plane wave basis sets and norm-
conserving pseudopotential was employed in the CASTEP calculations. Calculations 
were carried out in reciprocal space.  
3.3  Results and Discussions 
3.3.1  Analysis of the X-Rays Crystal Structures of 2,4-DNT  
In order to understand the predominant intermolecular forces at work in solid state 
2,4-DNT, it is necessary to examine its X-ray crystal structures.  The crystal structures 
examined in this work were obtained from Cambridge Structural Database (CSD). Two 
entries with 3-dimensional (3D) coordinates were available for 2,4-DNT, namely from 
Sarma, J. A. R. P. et al22 (CSD reference code: ZZZGVU01) and Hanson, J. R. H. et al23 
(CSD reference code: ZZZGVU02). Both crystal structures have a space group of P21/n 
and have eight molecules in an unit cell, arranged in the form of four stacked dimers in a 
2 x 2 arrangement. The main interactions between 2,4-DNT molecules observed from the 
crystal structures are mainly, hydrogen bonding between the hydrogen from either the 
methyl groups or the phenyl groups with the oxygen of the nitro groups, electrostatic 
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interactions between the nitro groups, as well as pi· · ·pi stacking interactions of the phenyl 
rings of 2,4-DNT. The orientation at which the methyl group and the ortho-nitro group of 
a molecule are positioned relative to the other molecule within a dimer is, slightly but 
distinctly, different for the four stacked dimers present in the unit cell (Figure 3.1).  
The R-factor in crystallography can be used as a gauge to determine the quality 
and ‘goodness’ of an X-ray crystallography structure24. The quality of a structure is 
considered to be of a higher quality with a lower R-factor. The space group, molecular 
arrangements and R-factor of both the crystal structures are fairly similar. The X-ray 
crystal structure from Hanson et al is chosen for discussion in this chapter. The reason of 
choice is because there is no ambiguity for this crystal structure, whereas, two of the 
oxygen atoms’ coordinates were noted to be ambiguous in the X-ray structure by Sarma 
et al. Moreover, the structure by Hanson et al has the stacked dimer 1 (Figure 3.1) 
presented as asymmetric unit whereas the structure by Sarma et al has a dimer where 
molecules interact horizontally with fewer interactions sites than the stacked dimer. The 












Figure 3.1 X-ray crystal structure of 2,4-DNT23 and the orientation of the 4 stacked 
dimers in the unit cell 
 
3.3.2  Study of Monomer Model 
2,4-DNT molecule was optimized at B3LYP, B97D and M06-2X, with the 6-
311+G** basis set. All the 3 methods give similar minimum structures, with the para-
nitro group almost parallel in plane with the phenyl ring and the ortho-nitro group tilted 
at an angle, non-planar to the ring. Figure 3.2 shows the structure of 2,4-DNT and Table 
3.1 shows the selected structural parameters such as bond lengths and bond angles of 2,4-
DNT from calculations and the crystal structure. Table 3.2 shows a comparison of 
X-ray crystal structure of 2,4-DNT 
     Dimer 1                             Dimer 2                            Dimer 3                          Dimer 4 
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calculated absorption frequencies using the three methods with experimentally observed 
frequencies from 0 to 3 THz3.  
The calculated values agree well within the three methods, giving a relative 
standard deviation (RSD) of less than 1% for all the listed structural parameters, with the 
exception of the 2 dihedral angles. The reason for the greater deviation for the dihedral 
angles is because, B97D/6-311+G** has predicted a slightly less than planar structure for 
the para nitro group and a relatively more tilted ortho nitro group as compared to M06-
2X/6-311+G** and B3LYP/6-311+G**. The calculated structural parameters give 
reasonably good agreement with the values of a molecule from the X-ray crystal structure. 
The agreement between calculated and crystallographic structural parameters has a RSD 
of less than 10% for all the parameters with exceptions for the dihedral angles. The most 
significant deviation lies in the dihedral value, C3-C4-N2-O3, indicating the planarity of 
the para nitro group to the phenyl ring. This dihedral is noted to be -15.3° from the crystal 
structure, while the calculated values are 1.8°, 0.3° and 0.7° for B97D, M06-2X and 
B3LYP respectively.  The para-nitro group of the molecule in crystal structure most 
likely deviates from planarity in order to maximize intermolecular interactions.  






















Table 3.1 Comparison of crystallographic and calculated structural parameters for 2,4-
DNT molecule (bond lengths r (Å), bond angles ∠ (°) and dihedral angles τ) optimized at 




B97D M06-2X B3LYP 
r(C1-C2) 1.395 1.412 1.400 1.406 
r(C1-C6) 1.402 1.409 1.400 1.403 
r(C2-C3) 1.378 1.396 1.385 1.389 
r(C3-H3) 0.874 1.085 1.082 1.080 
r(C4-N2) 1.469 1.496 1.478 1.480 
r(N2-O3) 1.221 1.229 1.210 1.223 
r(N2-O4) 1.230 1.230 1.211 1.224 
r(N1-O1) 1.224 1.230 1.212 1.224 
r(N1-O2) 1.228 1.229 1.210 1.222 
r(C1-C7) 1.505 1.501 1.504 1.506 
r(C7-H1A) 0.952 1.097 1.089 1.091 
r(C7-H1B) 0.909 1.097 1.090 1.091 
r(C7-H1C) 0.952 1.098 1.091 1.092 
∠(O1-N1-O2) 124.2 125.4 125.3 125.0 
∠(O3-N2-O4) 124.1 125.2 125.5 125.2 
τ(C1-C2-N1-O1) 45.9 38.1 29.0 29.8 








Table 3.2 Comparison of experimental and calculated frequencies (THz) and assignment 
of vibrational frequencies at B97D, B3LYP and M06-2X, with 6-311+G**  
 
Experiment3 Calculations Assignment 
B97D M06-2X B3LYP 
0.45 - - - - 
0.66 - - - - 
1.08 1.10 - - 
Twisting of  the para-nitro group 
1.36 - 1.47 1.30 
 1.64 1.56 1.47 Twisting of the ortho-nitro group 
2.52 - - -  
 
Only two frequency modes are obtained from B3LYP/6-311+G** calculations in 
the region of 0 to 3 THz, namely at 1.30 and 1.47 THz. These two absorption values 
correlate well to the experimental peak at 1.36 THz, but cannot account for the two 
intense experimental peaks at 1.08 and 2.52 THz. This finding is similar to that reported 
previously. The vibrational modes arising from these two frequencies are twisting of the 
para-nitro group and twisting of the ortho-nitro group respectively. The twisting of the 
para-nitro group is at a lower frequency than the ortho-nitro group. The effect of 
conjugation may account for this trend. The para-nitro group is nearly-planar to the 
phenyl ring while the ortho-nitro group is non-planar to the phenyl ring. This results in a 
higher conjugation effect of the para-nitro group with the phenyl ring.  
Newer DFT functionals like M06-2X and B97D were employed to provide 
additional insights to the study of vibrational frequencies of 2,4-DNT in the THz region 
with the monomer model. Similar to B3LYP, B97D and M06-2X each gives two 
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vibrational frequency absorptions in the region of interest i.e. 0 to 3 THz (0 to 100 cm-1). 
The vibrational mode analysis reveals that the assignment of the two vibrational 
frequencies is similar for all three methods. While B3LYP/6-311+G** and M06-2X/6-
311+G** do not predict vibrational frequencies below 1.3 THz, B97D/6-311+G** gives 
an absorption peak at 1.10 THz, close to the experimental peak at 1.08 THz. However, 
the intensity of this calculated peak is not strong relative to the second calculated peak at 
1.65 THz. There is no strong evidence to suggest that this calculated peak can be used to 
account for the intense experimental peak at 1.08 THz. It may be just fortuitous in this 
case that B97D/6-311+G** gives a peak that correlates well to that of the experimentally 
observed value.  
Figure 3.3 First two calculated vibrational modes 
 
Frequency calculations employing B97D functional with reasonably large basis 
sets like 6-311+G (2d,p) and aug-cc-pVTZ also yield two vibrational frequencies in the 
THz region, similar to the results obtained using 6-311+G**. Table 3.3A and Table 3.3B 
show calculated frequencies of selected basis sets with B97D and B3LYP functionals 
respectively. A convergence in the calculated frequencies is observed when larger basis 
First vibrational mode Second vibrational mode 
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sets such as 6-311+G(2d,p), 6-311+G(2df,p) and aug-cc-pVTZ were employed. The 
calculated frequencies agree well between the basis sets. No improvement in agreement 
to experimental values is achieved with the employment of these larger basis sets.  This 
suggests that isolated molecule monomer model is inadequate in accounting for the 
experimental THz absorption details for 2,4-DNT, even when sufficiently large basis sets 
were being employed.  
In general, calculations employing the monomer model have failed to adequately 
reproduce the experimentally observed peaks, especially the two most intense peaks in 
the region. This shows that the two peaks most probably arise from intermolecular 
vibrations or crystal lattice translations rather than intramolecular vibrations. Therefore, 
the model used for calculations should include the effects of intermolecular interactions.  
Table 3.3A   Frequency (THz) calculations at selected basis sets with B97D functional 









1.10 1.19 1.19 1.27 1.23 1.21 
1.64 1.58 1.57 1.53 1.69 1.59 
 
Table 3.3B Frequency (THz) calculations at selected basis sets with B3LYP functional 









1.30 1.31 1.31 1.21 1.26 1.25 
1.47 1.45 1.46 1.51 1.46 1.47 
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3.3.3  Study of Dimer Model  
Low frequency vibrations are attributed mainly to intermolecular vibration modes, 
phonon modes or lattice motions rather than solely intramolecular interactions. Therefore, 
the monomer model is insufficient in the assignment of spectral details in the low 
frequency region25-29. In order to account for intermolecular interactions, a dimer is 
presumably the bare minimum required to model the interactions. The structure of the 
dimer should be representative of the actual chemical environment of the 2,4-DNT 
molecule in the solid state environment in order to give good assignment of the 
experimentally observed vibrational frequencies in the THz region.  
3.3.3.1     B3LYP Studies 
It is noted there are many local minima structures of the 2,4-DNT dimer due to 
the different possible intermolecular interactions sites. While this work may not have 
covered all the minima structures of the various methods, all the optimized structures 
presented in this work are optimized structures with no imaginary frequency.    
Figure 3.4 shows two different structures optimized at B3LYP/6-311+G**. 
Structure A has stacked dimer 1 as the initial starting geometry, shows an optimized 
structure with displaced stacked pi· · ·pi interactions and electrostatic interactions. Structure 
B shows a “V” shaped dimer with weak intermolecular hydrogen bonding and possibly 
C-H···pi weak hydrogen bonding.   
Calculations employing dimer model give more frequency absorption values in 
the low frequency region than the monomer model. The calculated frequencies of the 
dimer model at B3LYP/6-311+G** agree better to experimental data than the single-
 molecule monomer model
optimized structures, A and 
peaks near 2.52 THz. This is most likely
of structure B than structure 
predominant intermolecular interactions presented in the 
pi· · ·pi stacking interactions and the electrostatic interactions between the nitrogen and 
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 the result of a poorer correlation of the geometry
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Table 3.3 Comparison of experimental and calculated frequencies (THz) and relative 
intensities at B3LYP/6-311+G** 
Experimental3  Structure A  Structure B 
Freq Intensity  Freq Intensity  Freq Intensity 
0.45 w  0.35 w  0.22 s 
   0.43 w  0.28 m 
      0.36 w 
      0.51 m 
0.66 w  0.58 w  0.63 m 
1.08 s  0.88 w  0.95 m 
   0.90 s    
1.36 m  1.32 w  1.26 m 
   1.60 w  1.42 m 
   1.65 w  1.53 m 
   1.86 w  1.64 m 
2.52 s  2.57 w  - - 
^^ Freq = Frequency (THz); Intensity=Relative intensities presented in the form of s, m and w, 
where s=strong, m=medium, w=weak  
 
3.3.3.2    B97D Studies 
 B97D/6-311+G** gave a stacked optimized structure when dimer 1 was used as 
the starting geometry.  This optimized structure, structure C, better describes the crystal 
structure dimers 1 to 4 than the optimized displaced stacked dimer by B3LYP/6-
311+G**, structure A, in terms of the alignment of the functional groups in the dimer. 
Generally, the overall geometry of structure C optimized using B97D/6-311+G** is 
similar to that of dimer 1 in the crystal structure. However, there are some slight 
 deviations in geometries: t
displaced pi-pi interaction
groups in structure C are also slightly displaced from that observed in the crystal 
structure dimer unit. Fig
alignment in the crystal structure
structures A and C.  
 
Figure 3.5 Front view of the interactions between the methyl and or
the dimer structures, Dimer




B97D/6-311+G**, are in good agreement 
2,4-DNT at room temperature by 
with this dimer model. The two intense absorption peaks at 1.08
assigned to vibrations of two different natures. 
absorption peaks is discussed in full details in section 3.3.3.2.3. 
 Dimer 1 
he pi· · ·pi stacking of the structure is distorted from that of a 
 observed in the crystal structure. Moreover, t
ure 3.5 shows the view of the methyl and ortho
 stacked dimer, as well as the optimized 
tho
 1 from X-ray crystal structure, structure A 
-311+G** respectively 
ncies and relative intensities of structure 
with the experimental THz spectrum of solid 
Chen et al3 . All the experimental peaks can 
 THz and 2.52
The assignment of the experimental THz 
 
 





-nitro groups of 
and C optimized 
 
C, optimized at 
be assigned 








3.3.3.2.1 Performance of Different Basis Sets  
The basis sets studied in this section include the Pople basis sets, 6-31G*, 6-
31+G*, 6-31+G**,  6-311+G** , 6-311+G(2d,p) and 6-311+G(2df,p) and the correlation 
consistent basis sets developed by Dunning et al, namely, cc-pVDZ  and aug-cc-VDZ. 
B97D was employed for this benchmarking study since the calculated frequencies and 
intensities of the structure C at B97D/6-311+G** give good agreement with the 
experimental values.  
 The selected intermolecular bond distances and angles of the dimer in the crystal 
structure and calculated dimers at the various basis sets with B97D functional are shown 
in Table 3.4. Figure 3.6 shows the labeled diagram of structure C. The usage of larger 
basis sets does not result in the better agreement between calculated intermolecular bond 























different calculated vibrational frequencies, especially at the low frequency region below 
1 THz. Moreover, the differences in the calculated frequencies will be magnified after the 
conversion from wavenumbers to THz values.   
The calculated frequencies reported here are not scaled as there are no 
recommended scaling factors for some of the methods used. Table 3.5A and 3.5B show 
calculated frequencies, IR intensities and relative intensities using B97D functional with 
selected Pople’s basis sets and Dunning’s basis set respectively. From Table 3.5A and 
3.5B, it can be observed that most of the basis sets examined give calculated frequencies 
that correlate well with the experimentally observed frequencies. However, there are 
significant differences in the calculated intensities between different basis sets. In order 
to determine if a method agrees well with the experimental spectrum, both the calculated 
frequencies and intensities should agree well with the experimentally observed THz 
spectrum.  
6-311+G** gives good overall agreement in terms of both frequencies as well as 
relative intensities to the experimental values while 6-31G* and cc-pVDZ are the 
relatively poorer performing basis sets. Hence, it shows the importance of diffuse 
functions in studying the THz spectroscopic properties of 2,4-DNT. Despite the slight 
difference in frequencies and relative intensities resulting from the different basis sets, 
vibrational mode analysis show that all the basis sets give 10 vibrational modes in this 




Table 3.4 Comparison of crystallographic (Crystal) and calculated intermolecular structural parameters (bond distances r (Å) and 
bond angles ∠ (°)) for 2,4-DNT dimer optimized using the various basis sets with B97D 
 Crystal23 6-31G* 6-31+G*  6-31+G**  6-311+G** 6-311+G 
(2d,p) 




r(N1’···O2) 2.958 3.292 3.502 3.492 3.409 3.489 3.426 3.274 3.522 
r(H1A’···O2) 2.833 2.502 2.518 2.502 2.497 2.508 2.506 2.471 2.492 
r(H1A’···O1) 3.849 3.642 3.719 3.703 3.748 3.735 3.726 3.632 3.716 
r(N2’···O3) 3.404 3.867 4.116 4.101 4.090 4.172 4.132 3.874 4.151 
r(pi· · ·  pi) 3.530 3.413 3.435 3.432 3.405 3.434 3.426 3.383 3.383 
∠(O1’-N1’···O2) 88.9 89.2 90.6 90.4 91.6 91.0 91.5 89.2 90.7 
∠C7’-H1A’···O2) 140.8 150.8 150.2 150.0 150.6 150.6 150.3 150.9 152.3 
∠C7’-H1A’···O1) 149.9 135.3 131.7 131.1 132.2 131.5 132.4 134.7 131.1 
∠O3’-N2’···O3) 99.4 74.3 76.9 76.8 76.7 77.1 76.8 74.4 76.9 





Table 3.5A Comparison of solid 2,4-DNT experimental absorption peaks from 0 to 3 THz with calculated frequencies (THz) and 
absolute intensities (KM/Mol)  using the B97D functional with various Pople’s basis sets 
Experiment3 6-31G* 6-31+G* 6-31+G** 6-311+G** 6-311+G    (2p,d) 6-311+G (2df,p) 
Freq Intensity Freq Intensity Freq Intensity Freq Intensity Freq Intensity Freq Intensity Freq Intensity 
0.45 w 0.52 w 0.40 0.45 m 0.54 0.47 w 0.43 0.52 w 0.45 0.41 m 0.69 0.49 m 0.56 
0.66 w    0.66 w 0.02 0.67 w 0.14 0.74 w 0.09 0.66 w 0.11 0.64 m 0.93 
     0.79 m 0.71       0.88 m 1.04 0.87 m 1.02 
1.08 s 0.91 w 0.35 1.15 s 2.08 1.00 s 2.02 1.00 s 2.17 1.07 m 0.86 0.88 w 0.24 
  1.26 s 1.81    1.22 w 0.26          
1.36 m 1.42 w 0.22 1.39 s 1.53 1.39 s 2.12 1.32 m 0.64 1.34 s 1.24 1.36 s 1.34 
  1.57 m 1.00 1.61 w 0.30 1.61 w 0.27 1.40 s 1.56 1.53 m 0.82 1.51 m 0.77 
  1.67 m 0.84 1.77 w 0.13 1.76 w 0.14 1.63 w 0.15 1.65 w 0.05 1.62 w 0.13 
  2.06 m 0.46    2.05 m 1.01 1.76 w 0.16 1.85 m 0.69 1.83 m 0.64 
  2.18 m 0.45 2.10 m 1.05    2.11 m 0.88 2.07 m 0.76 2.03 m 0.76 
  2.30 m 0.68 2.16 w 0.34 2.28 w 0.30 2.21 w 0.41       
2.52 s 2.68 s 1.25 2.48 s 1.66 2.50 s 1.56 2.58 s 1.99 2.51 s 1.65 2.52 s 1.54 




Table 3.5B Comparison of solid 2,4-DNT experimental absorption peaks from 0 to 3 THz with calculated frequencies (THz) and 
absolute intensities  (KM/Mol)  using the B97D functional with Dunning basis sets 
Experiment3 cc-pVDZ aug-cc-pVDZ 
Freq Intensity Freq Intensity Freq Intensity 
0.45 w 0.61 w 0.22 0.47 m 0.49 
0.66 w    0.65 w 0.01 
1.08 s 0.96 m 0.63 1.00 m 1.33 
     1.21 s 2.16 
1.36 m 1.35 s 1.82 1.54 m 0.70 
  1.55 w 0.19 1.58 m 0.37 
  1.62 m 1.18 1.70 w 0.14 
  1.75 w 0.33 1.99 m 0.48 
  2.12 w 0.29 2.08 m 0.76 
  2.33 m 0.56    
2.52 s 2.58 m 0.43 2.51 s 2.02 
  2.93 m 1.18   
^^Freq=Frequency (THz); Intensity= Absolute intensities (KM/Mol) in numbers, relative intensities expressed in s, m and w, where s=strong; 
m=medium; w=weak 
 3.3.3.2.2 Effects of Geometry on THz Spectroscopic 
For the study of the dimer system, one of the approaches used in this study was to 
take dimer 1 as the initial geometry.  B97D/6
Structure C, with similar geometry to dimer 
interactions well.  
This section examines the different minimum structures to understand the effects 
of structural influence on the calculated frequencies and relative intensities. Various 
geometries, not limited to those in the crystal structure, were con




-311+G** gives the local minimum, 
1 and describes the intermolecular 
sidered. Several
/6-311+G** (Figure 3.7). 
Optimized dimer structures at B97D/6-311+G**
 
 











Table 3.6 Enthalpy energies ∆H (KJ/mol) of Structures C to I at B97D/6-311+G**  
Structure C D E F G H I 
H -30.6 -30.6 -33.6 -33.6 -19.8 -42.3 -42.2 
 
Structures C, D, E and F agree well structurally to the four dimers present in 2,4-
DNT unit cell, dimers 1, 2, 3 and 4 (Figure 3.3) respectively. There are good agreements 
in terms of orientation of the methyl and nitro groups of the molecules within the dimers.  
Structures G to I are not observed in the crystal structure and do not describe the 
interactions in the crystal structure as adequately as Structures C to F. The calculated 
enthalpy energies of Structures C to I are shown in Table 3.7. Structure H is the most 
stable dimer conformation with the lowest enthalpy energy. Structure G has the highest 
enthalpy energy and is least stable. The differences in enthalpy can be attributed to the 
different interactions observed in the structures. Structure G is a dimer with the 
molecules located next to each other horizontally; the sole possible intermolecular 
interactions are the sideways electrostatic interactions between the nitrogen and oxygen 
atoms in the ortho-nitro groups. Hence, the structure G is not energetically favored 
relative to the other structures.  Structure H has the lowest energy as more intermolecular 
interactions such as pi· · ·pi stacking, electrostatic interactions between the nitro groups, 
Structure G Structure H Structure I 
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weak hydrogen bonds between the methyl hydrogens and the nitro groups are observed. 
Hence, Structure H is more stable.  
Although the optimized dimer structures, C, D, E and F, are not the lowest in 
enthalpy energy amongst the seven optimized structures, the calculated frequencies and 
relative intensities from these four structures are in better agreement to the experimental 
values. Calculated frequencies and intensities from structure C agree best to the 
experimental data as compared to the rest of the structures (Table 3.7). Despite being the 
relatively most stable, the calculated frequencies and relative intensities of structure H do 
not agree as well to the experimental THz spectrum as structures C to F. This further 
suggests that obtaining optimized structures with geometries close to the dimers in crystal 
structures outweighs having optimized dimers which are more energetically favored, in 
order to reproduce the frequency absorption peaks in the THz region.   
The calculated frequencies and relative intensities of structures C and D at 
B97D/6-311+G** are in excellent agreement with each other (up to at least 1 decimal 
place for frequency values in THz). This is due to the two dimers having similar 
geometries of the methyl and ortho nitro group of the monomers in the dimer system. The 
only difference being between the two dimers is just a horizontal displacement between 
the molecules in the dimer.  This same pattern can be observed for structures E and F.  
Hence, these four structures C to F give two sets of calculated frequencies 
contributions namely, from structures C/D and structures E/F. These two sets of 
frequencies are similar in terms of frequencies and intensities. Analysis of vibrational 
modes show that the two sets of frequencies generally showed the same assignment in the 
71 
 
same order. Since one 2,4-DNT unit cell consists of 4 different dimers 1 to 4, these two 
sets of calculations  should both be taken into account. Superimposing the two calculated 
THz spectra give a full representation of the contributions from all the dimers in an unit 
cell and agree well to the experimental spectrum from 0 to 3 THz. The two most intense 
peaks for the calculated spectra are close to the experimental peaks of 1.08 THz and 2.52 
THz. Figure 3.7 shows the calculated THz spectra of structures C/D and E/F. These 
calculated spectra are extracted from GaussView, the visualization interface of the G09 
package, and modified to improve clarity for comparison.  







0 20 40 60 80 100 
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C D E F G H I 
Freq I Freq I Freq I Freq I Freq I Freq I Freq I Freq I 
0.45 w 0.52 w 0.52 w 0.42 w 0.42 w 0.16 s 0.44 w 0.64 w 
0.66 w 0.74 w 0.74 w 0.86 m 0.86 m 0.32 m 0.87 w 0.86 w 
1.08 s 1.00 s 1.00 s 1.12 m 1.12 m 0.46 - 1.02 m 1.04 w 
          0.73 m     
          1.03 m     
1.36 m 1.32 m 1.33 m 1.23 m 1.23 m 1.08 - 1.30 m 1.24 w 
  1.40 s 1.41 m 1.56 w 1.56 w 1.14 - 1.45 w 1.52 w 
  1.63 w 1.63 w 1.67 w 1.66 w 1.83 - 1.61 w 1.69 w 
  1.76 w 1.76 w 1.92 w 1.91 w       
      2.00 w 1.99 w       
            2.12 w 2.07 w 
2.52 s 2.11 m 2.11 m 2.15 m 2.15 m 2.74 m 2.28 w 2.21 s 
  2.21 w 2.22 w 2.43 s 2.43 s 2.91 - 2.60 m 2.64 m 
  2.58 s 2.59 s       2.92 s 2.85 s 




3.3.3.2.3 Assignment of Experimental THz Spectrum  
Optimization at B97D/6-311+G** gave structure C that has the geometry 
resembling the stacked dimer of 2,4-DNT in the crystal unit cell, and the calculated 
frequencies and relative intensities reproduce the experimental THz absorption spectrum 
reasonably well. Hence, the assignment of the absorption peaks in the THz region was 
then carried out with the structure C at B97D/6-311+G**. The assignment of observed 
vibrational frequencies from 0 to 3 THz is listed in Table 3.8.   
The dimer structure has a total of 38 atoms. Thus, the number of vibrational 
modes for the dimer structure based on 3N-6, where N is the number of atoms, is 108. 
The number of vibrational modes for a monomer is 51. Hence, there should be six 
intermolecular vibrational modes observed for the dimer structure. Indeed, as shown in 
Table 3.8, the assignment of some vibrational frequencies shows intermolecular modes. 
The peak at 1.08 THz is assigned to the symmetric rocking of the molecules in the 
dimer structure. This vibrational mode is an intermolecular vibrational mode where the 
two molecules are rocking symmetrically towards each other to maximize the 
intermolecular hydrogen bonding between the methyl hydrogen atoms and the oxygen 
atoms of the ortho-nitro groups. The other intense peak at 2.52 THz is assigned to the 
coupling of intermolecular and intramolecular vibrations: symmetric stretch of the 
molecules in the dimer, M1 and M2, with twisting of the ortho-nitro group of M2 (See 
Figure 3.9 for labeled molecules). The symmetric stretch sees the two molecules in the 
dimer, moving towards and away from each other in unison. These two vibrational modes 
can be interpreted to be maximizing the electrostatic interactions between the nitro 
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groups and the weak C-H···O bonds between the methyl or phenyl hydrogen atoms and 
the nitro group oxygen atoms. Figure 3.9 shows the illustration of the vibrational modes 





Table 3.8 Assignment of the observed vibrational frequencies with dimer model using B97D/6-311+G** 
Experiment3 B97D/6-311+G** 
Assignment 
Freq I Freq I 
0.45 w 0.52 w Asymmetric in plane rocking of M1 and M2 
0.66 w 0.74 w Asymmetric rocking of M1 and M2 
1.08 s 1.00 s Symmetric rocking of M1 and M2 
1.36 m 1.32 m Symmetric rocking of M1 and M2 
  1.40 s Wagging of the ortho-nitro groups and wagging of the methyl group in M2 
  1.63 w Twisting of para-nitro groups 
  1.76 w Twisting of all nitro groups. Wagging of methyl groups towards each other. 
  2.11 m Twisting of the ortho-nitro group and asymmetric wagging of the para-nitro group with 
respect to the phenyl ring and methyl group of M1. Twisting of the para-nitro group and 
wagging of the methyl group of M2.  
  2.21 w Symmetric stretch of M1 and M2 with respect to each other with twisting of the ortho-nitro 
groups.  
2.52 s 2.58 s Symmetric stretch of partial M1 and M2 with respect to each other with the twisting of 
ortho-nitro group of M2  
^^ Freq=Frequency (THz); Intensity= Relative intensities expressed in s, m and w, where s=strong; m=medium; w=weak.M1 and M2 (Figure 3.9) 




Figure 3.9 Illustration of vibrational modes of Structure C calculated at B97D/6-311+G** 
 
 
^^ Green arrows serve only to indicate the direction of vibrations, not to be used to represent the strength of the vibrations.
Molecule 1 (M1) 
Molecule 2 (M2) 
0.52 THz 0.74 THz 1.32 THz 1.00 THz 1.40 THz 
1.63 THz 1.76 THz 2.11 THz 2.21 THz 2.58 THz 
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3.3.3.3  Comparison between B97D and Other Methods 
Calculations carried out at M06-2X/6-311+G**, also gave a stacked structure 
reasonably similar to dimer 1 in the crystal structure when dimer 1 was used as the initial 
geometry. However, the most obvious difference between the M06-2X optimized dimer 
and the dimer in the crystal structure is the absence of a ‘T’ shaped electrostatic 
interaction between the ortho nitro groups.  
M06-2X/6-311+G** also gave an optimized structure similar to structure C 
which aptly describe the electrostatic interactions. However, the calculated frequencies 
and relative intensities for structure C at M06-2X/6-311+G** have a poorer correlation to 
the experimental values as compared to that of the calculated values at B97D/6-311+G**. 
The assignment of the calculated frequencies at M06-2X/6-311+G** and B97D/6-
311+G** are similar, with intermolecular interactions such as rocking of the molecules 
and intramolecular modes like twisting of the nitro groups. 
Table 3.9 Calculated frequencies (THz) and relative intensities of dimer at M06-2X/6-
311+G**  
Frequency 0.92 1.04 1.49 1.76 1.95 2.12 2.26 2.60 
Relative 
Intensity m w s m m w w m 
^^ Relative intensities are shown in s, m, w, where s=strong; m=medium; w=weak. 
 
Besides examining DFT functionals, a set of calculation was carried out at 
MP2/6-31G*(5D). Due to the consideration of the computational cost, the calculation 
employing MP2 was carried out with the 6-31G*(5D) basis set and not with other higher 
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level basis sets. A comparison was then performed at B97D with the same basis set to 
study the performance of B97D relative to MP2. Both methods generally give 
frequencies reasonably close to that of the experiment. However, the calculated relative 
intensities are not similar to the experimental values and both methods give different 
relative intensities trends too. This set of calculations show that calculated frequencies at 
B97D is comparable to MP2. Hence, this provides added confidence to B97D calculated 
values. However, it highlights the importance of employing larger basis sets in 
calculations to reproduce the experimental relative intensities. 
Table 3.10 Comparison of experimental absorption peaks with calculated frequency 
(THz) and relative intensities of dimers optimized at B97D and MP2/ 6-31G* (5D) 
Experiment3 
Calculations 
 B97D/6-31G* (5D)  MP2/6-31G* (5D) 
Freq I  Freq I  Freq I 
0.45 w  0.55 w  0.58 w 
0.66 w     0.79 m 
1.08 s  0.93 w  1.20 s 
   1.29 s  1.46 m 
1.36 m  1.49 w  1.92 w 
   1.59 m  1.97 w 
   1.72 m    
   2.06 m    
   2.21 m  2.48 w 
2.52 s  2.31 m  2.55 w 
   2.72 s  2.92 m 
^^ Freq=Frequency (THz); Relative intensities are shown in s, m, w, where s=strong; m=medium; 
w=weak. 
 3.3.4  Study of Tetramer Model
Tetramer model was
not present in the dimer model. 
studied at B97D/6-311+G**
correlation to experimental 
tetramer unit in the crystal st
The stacking structure and nitro groups’ interactions of the dimers within the 
tetramer are similar to that presented in the crystal structure. However, the inter
interaction is maximized during the optimization. Thus, it results in a “V” shape 
arrangements of the dimers within the tetramer. 
 
Figure 3.10 2,4-DNT tetramer present
optimized tetramer at B97D
 
The frequency calculations indicate that there are 26 vibrational modes in the 
region 0 to 3 THz for the tetramer model. These
number of atoms presented in a tetramer model as compared to a 
comparison between the calculated frequencies of the dimer and tetramer model
 
 employed to account for the inter-dimer interactions 
Geometry optimization and frequency calculation 
 since it has been shown to be a good method in giving good 
THz spectrum for the dimer study. Figure 3.10 sho
ructure and optimized tetramer at B97D/6-311+G**. 
 
 in X-ray crystal structure unit cell
/6-311+G** (Right) 
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B97D/6-311+G**, together with the experimental THz spectra obtained at different 
temperatures, is summarized in Table 3.11. From the comparison, while the  frequencies 
and relative IR intensities calculations of the dimer model correlates sufficiently well to 
that of the experimental spectrum at room temperature, the calculated frequencies 
obtained from the tetramer model seem to be more useful in accounting for the additional 
peaks observed at 11 K by Laman et al5. However, the insufficient knowledge on the 
experimental intensities for absorption frequencies at 11 K makes this comparison 
between experimental and calculated THz spectrum incomplete. It has been shown from 
the analysis of the dimer model that the frequencies as well as the relative intensities are 
important consideration factors in determining the agreement between calculations and 
experimental data.  
These 26 vibrational modes observed in the tetramer model are mainly 
contributed by combinations of intermolecular vibrations between molecules in the dimer, 
inter-dimer vibrations and also, for a few modes, intramolecular wagging and twisting of 
methyl and nitro groups. The calculated vibrational frequencies for the optimized 
tetramer at B97D/6-311+G** near 1.08 THz can be assigned to intermolecular vibrations, 
rocking of the molecules in the tetramer. This agrees well with the assignment made with 
the dimer optimized at B97D/6-311+G**. The calculated vibrational frequencies near 
2.52 THz correspond to twisting of nitro groups and again, this agrees with the 
assignment employing the dimer model. Hence, this good agreement in the assignment of 
observed vibrational frequencies with both the dimer and tetramer model indicates that 
this approach of using dimer and tetramer to model the intermolecular interactions for 
THz calculations is promising.  
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This shows that it is not fortuitous that the assignment can be made with the dimer 
model at B97D/6-311+G**. The assignment of observed vibrational frequencies using 
the dimer model is similar to that of the tetramer model. The experimental THz 
absorption spectrum can be reproduced by vibrational frequencies calculations employing 
both the dimer and tetramer models as long as the intermolecular interactions in the 






















Table 3.11 Calculated Frequencies (THz) and relative intensities of dimer and tetramer at 












Freq I Freq I Freq I Freq Freq 
0.52 w 0.34 m 0.45 w 0.55 0.58 
  0.37 w     
  0.58 m     
0.74 w 0.68 m 0.66 w 0.63 0.62 
  0.73 w    0.88 
  0.81 w     
  0.89 w     
1.00 s 0.94 w 1.08 s 1.07 1.06 
  1.13 w    1.12 
1.32 m 1.20 s 1.36 m 1.2 1.22 
1.40 s 1.25 w   1.46 1.24 
1.63 w 1.27 m   1.6 1.46 
1.76 w 1.35 w    1.62 
  1.45 w    1.65 
  1.50 m    1.7 
  1.62 m    1.89 
  1.69 m     
  1.83 m     
  1.89 m     
2.11 m 1.98 m   1.92 1.95 
2.21 w 2.26 w    2.03 
  2.35 m    2.22 
  2.40 w     
2.58 s 2.53 m 2.52 s  2.48 
  2.61 m    2.77 
  2.91 m     




3.3.5  CASTEP Calculations  
The dimer and tetramer models allow the effects of intermolecular interactions to 
be accounted for in the calculation of the vibrational frequencies in the THz region.  The 
results presented in the earlier sections of this chapter have shown that the dimer and 
tetramer models are efficient in the assignment of the frequency absorption peaks of 2,4-
DNT from 0 to 3 THz. 
Some results from periodic boundary calculations employing CASTEP are 
discussed in this section. The X-ray crystal structure unit cell of 2,4-DNT was examined 
to investigate the effects of periodic boundary conditions  on the calculated frequencies 
and intensities. The optimization was carried out by optimizing the geometry of all the 
molecules in the unit cell within the experimental cell lattice constants. It is important to 
note that negative frequencies were obtained for the optimized structure. As mentioned in 
Chapter 1, the most common reason for negative frequencies observed in solid state 
calculations is due insufficiently tight convergence. However, the negative frequencies 
persisted when tighter convergence criteria were used. In fact, calculated structural and 
frequency values using lower convergence criteria give better correlation to the 
experimental values. Hence, the results presented here can only be viewed as qualitative. 
The intermolecular bond distances and bond angles of a dimer taken from the 
CASTEP optimized cell are compared with dimer 1 from the X-ray structure. The 





Table 3.12 Comparison of Intermolecular bond distances r (Å) and bond angles ∠ (°) of 
dimer 1 from crystal structure and dimer from the unit cell optimized at PBE 
 Crystal23 PBE Calculation 
r(N1’···O2) 2.958 2.915 
r(H1A’···O2) 2.833 2.702 
r(H1A’···O1) 3.849 3.567 
r(N2’···O3) 3.404 3.328 
r(pi· · ·pi) 3.530 3.521 
∠(O1’-N1’···O2) 88.9 92.0 
∠(C7’-H1A’···O2) 140.8 137.0 
∠(C7’-H1A’···O1) 149.9 145.5 
∠O3’-N2’···O3) 99.4 94.8 
∠(O4’-N2’···O3) 100.3 102.9 
 
The calculated frequencies and intensities at PBE do not agree well with the 
experimental values. While calculated frequencies generally hovers around the 
experimental frequencies, the poorly correlated relative intensities make it difficult to 
ascertain the match between calculated and experimental values. The agreement cannot 
be improved by employing any frequency scaling factor since the general trend of the 
predicted intensities are far from the experimental intensities trend.  
Despite the poor overall agreement with the experimental values, the calculations 
show a significantly high intensity peak at 2.53 THz. This corresponds well to the 
experimental peak at 2.52 THz. The vibrational mode of this peak at PBE corresponds to 
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the rocking of the molecules and twisting of the para-nitro groups with respect to the 
phenyl rings.  The calculated vibrational frequencies from 2 to 3 THz can be generally 
assigned to rocking of the molecules with the twisting of the nitro groups. The vibrational 
modes near 0.72 THz are pure intermolecular vibrations with no coupling of 
intramolecular vibrations. The modes observed near this frequency region are that of in 
plane rocking and translation of the molecules present in the unit cell. This is similar to 
the assignment obtained with the dimer and tetramer model at B97D/6-311+G**, where 
intermolecular vibrations such as rocking are responsible for frequency absorptions less 
than and around 1 THz and intramolecular vibrations such as twisting of nitro groups are 
important from 1 to 3 THz. 
Although negative frequencies were obtained from the solid state calculations, 
some useful information can be drawn from the vibrational analysis. The assigned 
vibrational modes are similar to that obtained from the dimer and tetramer approach 
around the same frequency region. This finding is crucial as it proves the capability of the 
dimer and tetramer approach in handling the intermolecular interactions. The lack of 
periodic boundary conditions and the crystal lattice effect do not seem to significantly 
impact the accuracies of the calculated frequencies and relative intensities obtained with 
the dimer and tetramer model at B97D/6-311+G**. This suggests that the intermolecular 







Table 3.13 Comparisons of Experimental and Calculated frequencies (THz), absolute 
intensities (KM/Mol) and relative intensities 
Experiment B97D/6-311+G** PBE  
Freq Intensity Freq Intensity Freq Intensity 
0.45 w 0.52 w 0.40 0.72 s 10.72 
0.66 w    0.91 w 0.32 
     
1.44 m 5.98 
1.08 s 0.91 w 0.35 1.55 w 0.96 
  1.26 s 1.81 1.62 m 3.82 
1.36 m 1.42 w 0.22 1.67 m 7.02 
  1.57 m 1.00 1.98 m 4.62 
  1.67 m 0.84 2.05 m 4.34 
  2.06 m 0.46 2.18 w 2.12 
  2.18 m 0.45 2.24 w 0.92 
  2.30 m 0.68 2.35 w 1.52 
2.52 s 2.68 s 1.25 2.4 m 3.05 
     
2.53 s 7.4 
     
2.6 w 1.68 
     
2.63 w 0.38 
     
2.75 w 1.21 
     
2.77 m 2.35 
     
2.94 w 2.04 
     
2.96 m 5.46 
     
3.01 m 4.44 
^^ Freq=Frequencies (THz), Intensity=Absolute intensities (KM/Mol) in numbers, relative 
intensities expressed in s, m and w, where s=strong; m=medium and w=weak. Negative 




3.4  Conclusions and Discussions 
Recent efforts employing DFT calculations in the assignment of THz spectra by 
many research groups have shown that isolated molecule calculations are inappropriate 
and insufficient in assigning the origins of the THz absorption peaks. One of the 
conclusions that can be drawn from this chapter is that monomer system is indeed 
inadequate in the assignment of experimental THz absorption peaks. This conclusion 
remains valid with the employment of B97D, a new DFT functional with dispersion 
correction term, with sufficiently large basis sets.  
The dimer and tetramer models, through the step-wise inclusion of intermolecular 
interactions, are useful in understanding the various vibrations that give rise to the 
absorption peaks in the THz region. The assignment employing the dimer model allows 
one to focus on the basic interactions of the smallest asymmetric unit in the crystal 
structure, allowing a deeper understanding of the origins of the vibrational modes that 
gives rise to the unique absorptions of 2,4-DNT in the region of 0 to 3 THz. The stacked 
dimer, Structure C, optimized at B97D/6-311+G**, well reproduces the experimental 
THz spectrum of 2,4-DNT at room temperature. The assignment of the observed 
vibrational frequencies of solid 2,4-DNT from 0 to 3 THz can be made at B97D/6-
311+G** with the dimer model. Both the assignment made using the dimer and tetramer 
models at B97D/6-311+G** are generally similar. The vibrational modes of frequencies 
below 1 THz can be attributed mainly to the translation and rocking of the molecules in 
the system. These are intermolecular vibrational modes with no significant intramolecular 
interactions. The vibrational modes of frequencies higher than 1 THz are mostly rocking 
of the molecules and bending of the molecules to maximize the intermolecular 
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interactions, coupled with intramolecular vibrations such as twisting and wagging of the 
nitro and methyl groups. The twisting of the ortho nitro groups contributes significantly 
to the peak at the observed peak at 2.52 THz.   
One important finding in this work with regards to the assignment of the 
vibrational frequencies is that the theoretical method employed must be able to reproduce 
geometries similar to those observed in the crystal structure. It is crucial that the main 
intermolecular interactions observed in the solid state be captured in the optimized 
structure in order for the calculated frequencies and relative intensities to correlate well 
with the experimental spectral details. Having an appropriate model which can account 
for the important interactions observed in the crystal structures is important in order to 
reproduce the experimentally observed spectral peaks in the THz region adequately well.  
Moreover, it also brings on an important point that the X-ray crystal structure 
must be known in order for the calculations to be performed. If there are no crystal 
structures available, the dominating interactions in the solid state will not be known. 
Many of these interactions are the unconventional and weak interactions such as stacking, 
C-H···O weak hydrogen bonding, and N-H·· ·pi interactions. Given no prior knowledge 
on the crystal structure, it is likely for one to be selecting the optimized dimer based on 
the most stable in enthalpy, indicating that it is a more stable local minimum on the 
potential energy surface. If the lower energy structure is not similar to that present in the 
solid state, or does not describe the inter-molecular interactions of the compound in the 
solid state adequately, the calculated frequencies and its corresponding intensities are 
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Chapter 4  
Terahertz Spectroscopic Properties of 2,6-Dinitrotoluene 
 
4.1 Introduction 
2,6-DNT and 2,4-DNT are the two most predominant isomers of DNT. 2,6-DNT 
is presented in lower amount in nature relative to 2,4-DNT. 2,4-DNT and 2,6-DNT have 
shown to possess different and unique frequency absorption in the THz region with THz-
TDS from 0 to 3 THz1. These unique fingerprint absorptions enable THz spectroscopy to 
be potentially deployed as a tool in unambiguous identification and differentiation of 
these two isomers.  
The room temperature THz spectrum of solid pellet 2,6-DNT has been determined 
experimentally using THz-TDS1-3. 2,6-DNT gave one main absorption peak of high 
intensity at 2.5 THz from 0 to 3 THz and additional three peaks of weak intensity could 
be observed at 1.1, 1.36 and 1.58 THz, respectively1. As discussed in chapter 3, the THz 
spectrum of its isomer, 2,4-DNT, gave two equally intense absorption peaks at 1.08 and 
2.52 THz . Hence, the main difference for the THz absorption spectra of the DNT 
isomers is that, two intense peaks were observed in the region of interest for 2,4-DNT, 
while only one intense peak was observed for 2,6-DNT.  
DFT calculations have been employed for the calculation of vibrational 
frequencies and their corresponding IR intensities for comparison with experimental data. 
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Up to date, only isolated molecule calculations were carried out2-3. While the frequencies 
calculated at B3LYP/6-311+G** gave good agreement with experimental IR spectrum of 
2,6-DNT , some peaks observed in the low frequency THz region were not accounted for 
and were assigned to be intermolecular or phonon modes.  
This chapter seeks to give a definitive and complete theoretical assignment of all 
observed absorption peaks of 2,6-DNT in the region 0 to 3 THz with the employment of  
dimer and tetramer models, by taking intermolecular interactions into consideration.  
4.2  Computational Methodology  
Various DFT functionals, B3LYP, B97D and M06-2X, were employed in this 
study. In order to study the effect of basis sets on vibrational frequency calculations for 
2,6-DNT, different basis sets were also examined. The main basis set employed in this 
chapter was 6-311+G** in consideration of the relatively better performance shown over 
the other basis sets for the study on 2,4-DNT in chapter 3. 
4.3  Results and Discussions 
4.3.1  Analysis of X-Ray Crystal Structures 
Two entries of 2,6-DNT crystal structure with 3D coordinates were obtained from 
Cambridge Structural Database (CSD). The two X-ray crystal structures are namely by 
Nie, J. -J. et al4 (CSD code ZZZQSC01) and Hanson, J. R. H. P. B. et al5 (CSD code: 
ZZZQSC02). Both crystal structures have the space group P212121, with 4 molecules of 
2,6-DNT in each unit cell. Two of the molecules are stacked, having pi· · ·pi stacking 
interactions, electrostatic interactions between the nitro groups and weak C-H···O 
hydrogen bonding. The other two molecules are located next to the stacked dimers, one at 
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each side. The stacked dimer forms weak hydrogen bonding and electrostatic interactions 
with the side molecule. The stacked dimer can clearly be taken as the main repeating unit 
when the unit cell is extended into a supercell (Figure 4.1).  
The X-ray crystal structure by Hanson, J. R. H. P. B. et al has a crystallography 
R-factor lower than that of the structure by Nie, J. -J. et al. This indicates that the crystal 
structure by Hanson, J. R. H. P. B. et al is of a better refinement and quality6. Hence, the 
crystal structure by Hanson et al was considered in the calculations and is used for 
discussion in the subsequent sections in this chapter. The stacked dimer from this X-ray 
crystal structure was employed as the starting geometry for most dimer optimization 
calculations.  




4.3.2  Study of Monomer model 
Two conformations of 2,6-DNT molecule are obtained with optimizations at 
B3LYP, B97D and M06-2X, with the basis set 6-311+G**. The nitro groups are non-
planar to the phenyl ring in the optimized structures. One of the structures has the oxygen 
atoms of the nitro groups pointing out of the same face of the ring symmetrically to each 
Unit cell Stacked dimer 
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other, with Cs symmetry. This structure has the same side of the nitro groups added to the 
ring with ‘syn’ conformation to each other. The other optimized structure has the nitro 
groups at an ‘anti’ conformation to each other, with C1 symmetry. The structure with Cs 
symmetry is of a lower energy than the structure with C1 symmetry. The reason for 
energy differences could be due to the deviation of the nitro groups from planarity of the 
phenyl ring. Conjugation effect takes place when a nitro group is planar to a phenyl ring. 
In 2,6-DNT, both nitro groups are non-planar to the phenyl ring because of the steric 
hindrance from the methyl group. However, the ‘syn’ nitro groups deviate less from the 
planarity of the phenyl ring than the ‘anti’ nitro groups, resulting in more stability via 
slightly better conjugation effect.  
Figure 4.2 Optimized structures of 2,6-DNT at B97D/6-311+G** 
 
  
The Cs symmetry conformer agrees with the 2,6-DNT molecules observed in X-
ray crystal structure. The higher symmetry Cs ‘syn’ conformation can maximize the 
intermolecular interactions in the crystal structure as compared to the lower C1 symmetry. 
Thus, this may be the reason why the ‘syn’ conformation is present in the crystal 







comparison of structural parameters of the optimized geometries of 2,6-DNT using the 
three methods with the crystallographic data.   
The structural parameters of the molecule optimized at all three methods, 
especially B97D/6-311+G**, give good agreement to that of the 2,6-DNT molecule 
observed in the crystal structure. Three vibrational frequencies were predicted from 0 to 3 
THz by the three methods, with the first frequency value having relatively lower intensity. 
The calculated frequencies at B3LYP/6-311+G** and B97D/6-311+G** are similar, 
while slightly blue-shifted values are observed at M06-2X/6-311+G**. All three methods 
give the same assignment for the 3 peaks in the same order.  
 The calculated frequencies and the relative intensities are unable to account for 
most of the observed experimental peaks. The only experimentally observed peak that 
can be accounted for is the weak intensity peak at 1.58 THz. Both B97D/6-311+G** and 
B3LYP/6-311+G** have a weak/medium intensity absorption peak at around 1.44 and 
1.49 THz respectively. The assignment for this peak is the asymmetric twist of the methyl 
group and nitro groups.  





















Table 4.1 Comparison of structural parameters (bond distances r (Å) and bond angles ∠ 
(°)) of 2,6-DNT molecule optimized at B3LYP, B97D, M06-2X with 6-311+G** and 
observed from crystal structure5 
 Crystal5 B3LYP B97D M06-2X 
r(C1-C2) 1.398 1.405 1.411 1.398 
r(C2-C3) 1.384 1.391 1.399 1.387 
r(C3-C4) 1.388 1.388 1.396 1.386 
r(C1-C7) 1.510 1.508 1.512 1.507 
r(C2-N1) 1.476 1.483 1.495 1.479 
r(N1-O1) 1.224 1.223 1.229 1.211 
r(C7-H1A) 0.958 1.088 1.094 1.088 
r(C7-H1B) 0.988 1.092 1.097 1.091 
r(C7-H1C) 0.980 1.088 1.094 1.088 
r(C3-H3) 0.939 1.082 1.087 1.082 
r(C4-H4) 0.996 1.082 1.087 1.082 
r(C5-H5) 0.959 1.082 1.087 1.082 
∠(C7-H1C···O1) 102.9 101.0 100.0 100.4 








Table 4.2 Calculated frequencies (THz), relative intensities and assignment at the various 
DFT functional with the basis set, 6-311+G** from 0 to 3 THz 
B3LYP B97D M06-2X 
Assignment 
Freq I Freq I Freq I 
1.49 w 1.44 m 1.80 w Twist of methyl group and asymmetric twist of the nitro groups 
1.87 s 1.76 s 2.06 s Symmetric twist of nitro groups (Butterfly 
motion) 
2.87 s 2.83 s 3.14 m Asymmetric out of plane wagging of 
methyl group with the nitro groups 
^^Freq=Frequency (THz); I=Relative Intensities where s, m and w are abbreviations for strong, 
medium and weak respectively 
 
Calculations employing larger basis sets with B3LYP and B97D were performed 
to eliminate the possibility of missing any important vibrational frequency peaks due to 
insufficiently large basis set. No additional peaks are obtained upon the employing larger 
basis sets with B97D and B3LYP. In fact, the calculated values using the larger Pople’s 
basis set 6-311+G(2d,p) and 6-311+G(2df,p) see a convergence to almost perfect 
agreement. Hence, the poor correlation of the calculated frequencies with the 
experimental values affirms that the monomer model is insufficient in reproducing 
experimental THz spectrum. This finding cannot be improved even with the employment 






Table 4.3A Frequency (THz) calculations at selected basis sets with B97D functional 









1.44 1.42 1.41 1.44 1.45 1.42 
1.76 1.75 1.75 1.74 1.78 1.74 
2.83 2.84 2.84 2.86 2.85 2.83 
 
Table 4.3B Frequency (THz) calculations at selected basis sets with B3LYP functional 









1.49 1.44 1.43 1.38 1.48 1.45 
1.87 1.84 1.84 1.80 1.87 1.83 
2.87 2.88 2.88 2.85 2.89 2.88 
 
4.3.3  Study of Dimer Model  
It is clear that the monomer model is inadequate in the assignment of the 
experimental THz vibrational frequencies.  In order to model the intermolecular 
interactions between 2,6-DNT molecules, the study of dimer model of 2,6-DNT is 
essential. The crystal structure analysis also shows that the stacked dimer is an important 




4.3.3.1  Comparison of B3LYP and B97D 
Various DFT functionals were examined in this study. B3LYP is known to 
underestimate weak interactions and cannot describe stacking adequately since it does not 
handle dispersion well. The optimized structure at B3LYP/6-311+G** shows a non-
stacked structure even when the starting geometry used was that of the stacked dimer 
present in the crystal structure. Hence, B3LYP fails to account for the intermolecular 
interactions observed in the crystal structure.  
Figure 4.4 Structures of 2,6-DNT dimer from crystal structure and optimized dimers at 
B97D/6-311+G** and B3LYP/6-311+G** 
 
B97D, which takes dispersion into account, can describe weak interactions, such 
as pi· · ·pi stacking, well7. Hence, B97D works well in reproducing the stacked 2,6-DNT 
dimer observed in the crystal structure. The dimer optimized at B97D/6-311+G** well 
reproduces the main intermolecular interactions observed in the stacked dimer from the 
crystal structure. The main stacking interaction between the two phenyl rings and 
electrostatic interactions between the nitrogen and oxygen atoms of the nitro groups are 
adequately described.  
Table 4.4 compares the calculated frequencies and relative intensities of the 









intensities at B97D/6-311+G** correlates well to the experimentally observed THz 
spectrum of solid pellet 2,6-DNT from 0 to 3 THz, especially the peak with the highest 
intensity at 2.5 THz. On the other hand, the calculated frequencies and corresponding 
relative intensities of the optimized dimer at B3LYP/6-311+G** has poor correlation to 
the experimental data. The main reason is likely because dimer optimized at B97D/6-
311+G** is structurally similar to the dimer unit presented in the solid state while the 
optimized dimer at B3LYP/6-311+G** cannot adequately reproduce the main 
intermolecular interactions observed in crystal structure.  
Table 4.4 Comparison of experimental and calculated frequencies (THz) and relative 
intensities of the optimized dimer at B97D and B3LYP /6-311+G**  
 
Experimental1 
  Calculations 
  B97D   B3LYP 
Freq Intensity   Freq Intensity   Freq Intensity 
1.1 w   0.61 w   0.19 w 
    0.78 w   0.35 w 
    1.11 w   0.50 w 
        0.69 m 
        0.97 w 
1.36 w   1.44 w   1.22 w 
1.58 w   1.83 w   1.60 m 
    1.87 w   1.62 w 
    1.89 w   1.96 s 
2.5 s   2.34 w   2.76 w 
    2.45 s   2.86 m 
    2.60 w     
^^ Freq=Frequency (THz); Intensity= Relative intensities expressed in s, m and w, where 




The importance of good structural agreement between crystallographic and 
calculated dimers is further illustrated here. Figure 4.5 shows two stacked structures, 
structures 1 and 2, optimized at B97D/6-311+G**.  The difference between the two 
structures lies in the orientations in which the methyl groups and nitro groups are aligned 
with respect to each other. Structure 1 has the orientation of the methyl groups and nitro 
groups similar to that of the crystal structure, with the methyl groups of the molecules 
being 180° apart from each other. Structure 2 has the methyl groups of the molecules 
orientated at approximately 90° to each other.  




Table 4.5 shows the calculated frequencies obtained from structures 1 and 2. A 
better correlation to the experimental THz absorption peaks is yielded by structure 1 in 
terms of both calculated frequencies and relative intensities. As shown in the table, 
structure 1 gives a high intensity peak at 2.45 THz, with the rest of the calculated 
frequency absorption peaks having relatively weak intensity as compared to it.   
Structure 1 Structure 2 
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This better correlation in frequency coincides with good correlation in geometry 
between the optimized dimer and the crystal dimer. Hence, shows that acquiring 
optimized dimer with geometry similar to the dimer structure in crystal structure is 
important in order to well reproduce the experimental THz spectrum.   
Table 4.5 Comparison of experimental and calculated frequencies (THz) and relative 
intensities of structures 1 and 2 and the monomer at B97D/6-311+G** 
Experimental1 Calculations 
Monomer Structure 1 Structure 2 
Freq Intensity Freq Intensity Freq Intensity Freq Intensity 
1.1 w   0.61 w 0.39 w 
    0.78 w 0.74 w 
    1.11 w 1.08 w 
      1.15 w 
1.36 w 1.44 m 1.44 w   
        
1.58 w   1.83 w 1.57 s 
  1.76 s 1.87 w 1.68 w 
    1.89 w 1.84 m 
        
2.5 s   2.34 w 2.24 m 
    2.45 s 2.37 m 
  2.83 s 2.60 w 2.67 m 
^^ Freq=Frequency (THz); Intensity= Relative intensities expressed in s, m and w, where 






4.3.3.2   Basis Set Effect 
Similar to the study on 2,4-DNT, the basis sets effect on the calculated 
frequencies and the corresponding intensities in low frequency region was examined in 
this work. The DFT functional employed for this study was B97D. Basis sets do not 
influence the structural parameters such as the intermolecular bond distances and angles 
of the optimized dimer structure significantly. Table 4.6 shows the calculated 
intermolecular bond distances and angles at different basis sets. The calculated 
frequencies and intensities using the listed basis sets (Table 4.7A and 4.7B) with B97D 
indicate the presence of a frequency value of high intensity at around 2.3 to 2.8 THz. 6-
311+G** remains as one of the best performing basis sets in terms of agreement of both 
frequencies and relative intensities with experimental values.  





































Generally, all the basis sets tend to overestimate the electrostatic interactions as 
well as the weak C-H…O hydrogen bonding between the phenyl acidic hydrogen atoms, 
methyl hydrogen atoms and the oxygen atoms from the nitro groups. These discrepancies 
between calculated values and the actual bond distances and angles obtained from crystal 
structure are most probably due to the absence of crystal field effect in the dimer 
calculations. However, all the intermolecular interactions within the dimer in the crystal 
structure are described adequately by the dimer calculations.  
In conclusion, this short section shows that even though the geometry of 
optimized dimer remains essentially similar with different basis sets, the calculated 
frequencies and relative intensities are significantly different. Table 4.6 shows the 
calculated frequencies and relative intensities using different basis sets. The frequencies 
values and its corresponding relative intensities vary quite significantly as a result of 
using different basis sets. Table 4.7 shows that in order to correlate well to that of the 
experimental spectrum, 6-311+G** is the minimum basis set required. 
 The smaller basis sets such as 6-31G*, 6-31+G* and 6-31+G** predict frequency 
peaks of medium intensities at 1.8 to 2 THz and high intensity peak at 2.80, 2.40 and 2.37 
THz. 6-311+G** gives predictions of 1 strong peak at 2.45 THz and 9 other weak peaks 
from 0 to 3 THz corresponding reasonably well to the experimental values. The criteria 
for a good correlation between calculations and experiment should not be purely based on 
a good agreement of the frequencies. Rather, both the frequencies and their 
corresponding relative intensities should be considered simultaneously in determining the 
correlation between experiment and calculated values.  
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Table 4.6 Comparison of intermolecular bond distances r (Å) and bond angles ∠ (°) of 2,6-DNT dimer optimized using different basis 
sets with B97D functional and the  2,6-DNT dimer unit observed in crystal structure 






r(04·· ·N1’) 3.585 3.075 3.263 3.249 3.193 3.252 3.208 3.052 3.236 
r(O2···N2’) 3.068 3.070 3.218 3.208 3.181 3.209 3.193 3.048 3.206 
r(H5···O1’) 3.016 2.674 2.769 2.756 2.698 2.741 2.721 2.635 2.740 
r(H3···O3’) 2.833 2.675 2.743 2.720 2.684 2.721 2.708 2.633 2.711 
r(O2···H5’) 3.072 2.931 2.928 2.922 2.881 2.906 2.893 2.877 2.886 
r(O4···H3’) 3.649 2.930 2.944 2.949 2.922 2.930 2.920 2.882 2.926 
r(pi· · ·pi ) 3.706 3.443 3.514 3.502 3.474 3.505 3.497 3.414 3.471 ∠( O3’-N2’···O2) 86.3 86.6 85.7 85.8 85.8 85.3 85.2 87.3 86.0 ∠( O1’-N1’···O4) 66.8 91.5 86.4 86.3 85.5 85.5 85.1 87.2 85.9 ∠(C5-H5···O1’) 105.4 106.0 105.5 105.8 106.0 106.0 105.7 106.6 105.4 ∠(C3-H3···O3’) 106.0 106.1 107.2 107.6 107.5 107.6 107.2 106.8 107.3 ∠(C5-H5’·· ·O2) 101.4 101.3 101.9 102.0 101.8 102.0 101.8 101.5 102.1 ∠(C3’-H3’···O4) 95.5 101.5 103.2 103.0 102.7 103.1 102.7 101.6 103.2 
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Table 4.7A Comparison of experimental and calculated frequencies (THz) and intensities (KM/Mol) at B97D with Pople’s basis sets 
Experiment1 6-31G* 6-31+G* 6-31+G** 6-311+G** 6-311+G(2d,p) 6-311+G(2df,p) 
Freq Intensity Freq Intensity Freq Intensity Freq Intensity Freq Intensity Freq Intensity Freq Intensity 
1.1 w 0.77 w 0.05 0.54 w 0.51 0.57 w 0.52 0.61 w 0.44 0.58 w 0.42 0.59 w 0.42 
  0.93 w 0.32 0.74 w 0.02 0.74 w 0.05 0.78 w 0.13 0.76 w 0.04 0.77 w 0.06 
    
 
0.97 w 0.10 1.00 w 0.11 1.11 w 0.10 1.09 w 0.11 1.08 w 0.09 
1.36 w          1.44 w 0.39    1.47 w 0.49 
1.58 w 1.64 w 0.32 1.51 w 0.75 1.53 w 0.81    1.56 w 0.84 1.80 w 0.57 
  1.75 m 1.35 1.67 w 0.54 1.69 w 0.63 1.83 w 1.48 1.85 w 0.95 1.84 m 1.62 
  2.07 m 1.36 1.88 m 1.48 1.83 w 1.18 1.87 w 1.20 1.88 w 1.10 1.94 m 1.14 
  2.18 m 2.81 1.95 m 2.17 1.93 m 1.57 1.89 w 0.58 1.93 w 1.20    
  2.29 w 0.63 2.16 w 0.71 2.22 w 1.34    2.25 w 1.43    
2.5 s 2.63 w 0.40 2.40 s 6.10 2.37 s 6.66 2.34 w 1.66 2.42 s 6.01 2.37 m 2.88 
 
 2.80 s 4.97 2.61 m 2.20 2.56 m 1.57 2.45 s 8.55 2.70 m 2.29 2.51 s 5.14 
     3.04 w 0.58    2.60 w 0.70    2.56 m 1.71 




Table 4.7B Comparison of experimental and calculated frequencies (THz) and intensities (KM/Mol) at B97D with Dunning basis sets. 
Experiment1 cc-pVDZ aug-cc-pVDZ 
Freq Intensity Freq Intensity Freq Intensity 
1.1 w 0.78 w 0.00 0.70 w 0.16 
  1.01 w 0.32 0.74 w 0.38 
        
1.36 w    1.23 w 0.06 
1.58 w 1.70 w 0.10 1.52 w 1.10 
  1.83 m 1.55 1.71 w 1.34 
  2.15 w 0.94 1.88 w 1.36 
  2.30 m 2.99 1.96 w 1.03 
  2.33 w 0.23 2.36 w 0.64 
2.5 s 2.81 s 5.82 2.46 s 7.55 
  2.91 w 0.93 2.62 w 0.73 




4.3.3.3  Assignment using Dimer Model 
Structure 1 resembles the dimer unit in the crystal structure, and the calculated 
frequencies and relative intensities at B97D/6-311+G** have shown good agreement to 
experiment values. Hence, assignment of the experimental absorption peaks is performed 
with this method. All the 4 peaks observed experimentally can be assigned with good 
certainty using B97D/6-311+G** with the exception of the weak peak at 1.58 THz. 
It can be seen from the vibrational modes analysis that these vibrations are mainly 
intermolecular motions or intermolecular motions coupled with intramolecular vibrations 
promoting the electrostatic interactions between the nitrogen and oxygen atoms of nitro 
group from neighboring molecules or weak C-H…O hydrogen bonding between the 
methyl hydrogen and the electronegative oxygen atom on the nitro groups. The observed 
peak of highest intensity at 2.5 THz is best described as a combination of a few 
calculated frequency peaks at 2.34 THz, 2.45 THz and 2.60 THz. The most intense 
calculated frequency at 2.45 THz can be assigned to symmetrical wagging of the nitro 
groups of one of the molecules and the asymmetric twisting of the nitro and methyl 
groups, with wagging of the partial phenyl ring of another molecule in the dimer unit. 
The detailed assignment of each calculated vibrational frequency by B97D/6-311+G** is 
listed in Table 4.8.   
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Freq Intensity Freq Intensity 
1.1 w 0.61 w Asymmetric in plane rocking of M1 and M2  
  0.78 w Asymmetric rocking of M1 and M2  
  1.11 w Symmetric rocking of M1 and M2  
1.36 w 1.44 w Asymmetric twisting of 2-nitro and 6-nitro groups 
1.58 w 1.83 w Rocking of M1 and M2. Twisting of one of the nitro groups in M1 
  1.87 w Rocking of M2. Twisting of nitro groups in M1 
  1.89 w 
Symmetric wagging of partial phenyl ring of M1 and M2. Symmetric twist of 
the nitro groups and wagging of the methyl group in M2 
2.5 s 2.34 w 
Twisting of methyl group and nitro groups and wagging of partial phenyl ring 
of M2 
  2.45 s 
Symmetric wagging of nitro groups of M1. Asymmetric twisting of nitro 
groups, twisting of methyl group, wagging of partial phenyl ring of M2 
  2.60 w Wagging of methyl group and twisting of nitro groups of M2. Wagging of phenyl ring and nitro groups of M1 
^^ Freq=Frequency (THz); Intensity= Relative intensities expressed in s, m and w, where s=strong; m=medium; w=weak.  M1 and M2 are 
abbreviations for Molecule 1 and Molecule 2 in the 2,6 DNT dimer respectively (Figure 4.7)
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Figure 4.7 Illustrations of vibrational modes of 2,6-DNT at B97D/6-311+G** from 0 to 3 THz 
 
^^ Green arrows serve only to indicate the direction of vibrations, not to be used to represent the strength of the vibrations.












4.4  Study of Tetramer Model and Assignment of Experimental THz Spectrum 
While the study of the dimer model suffice in the assignment of the vibrational 
frequencies in the THz region, the study of the tetramer model provides further insight on 
the effects of inter–dimer interactions on the frequency absorption in the low frequency 
region.  
Figure 4.8A Tetramer unit from X-ray Crystal structure 
 























There are slight geometrical deviations between the optimized tetramer at 
B97D/6-311+G** and tetramer unit in crystal. The inter-dimer interactions are 
characterized by weak C-H···O hydrogen bonding in the crystal, whereas additional 
inter-dimer nitro groups electrostatic interaction and C-H···O hydrogen bonding are 
present in the optimized tetramer.   
Table 4.9 shows a comparison of the calculated frequencies and relative 
intensities at B97D/6-311+G** of the tetramer model, with the dimer model and the 
experimental THz spectra obtained at room temperature1 and low temperatures8. The low 
temperature THz spectra of 2,6-DNT were measured at 12 K and 13 K for the solid pellet 
sample and waveguide sample respectively8. The lack of knowledge on the relative 
intensities of the THz measurement at low temperatures8 makes it difficult for fair 
comparisons to be drawn. However, the calculated frequencies of both the dimer and 
tetramer at B97D/6-311+G** generally suffice in reproducing the experimental 
frequency absorption values at both room temperature and lower temperatures, with the 
best agreement to the experimental values obtained at room temperature with 2,6-DNT 
solid pellet.  
The assignment of the experimental absorption peaks using the tetramer model is 
remarkably similar to that of the dimer model. Most of the calculated frequencies of the 
dimer model show no significant frequency shifts by the formation of the tetramer and 
agree with the assignment made with the tetramer model. The calculated frequencies 
employing the tetramer model at B97D/6-311+G** show a high intensity peak at 2.44 
THz. This agrees well with both the calculated value using the dimer model and the 
experimental value observed by Chen et al1 at 2.45 THz and 2.5 THz respectively. This 
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vibrational mode corresponds to wagging and twisting of the nitro groups as indicated by 
the assignment of the vibrational frequencies around the 2.5 THz region with the dimer 
and tetramer at B97D/6-311+G**. The vibrational modes around and under 1.2 THz are 
generally assigned to intermolecular vibrations such as rocking and translations of the 
molecules. Vibrational modes from 1.2 to 3 THz are assigned to intermolecular 
interactions coupled with intramolecular vibrations such as wagging and twisting of the 
nitro groups. The roles of the nitro groups in these vibrational modes are evident. Thus, 
highlighting the importance of the nitro groups in giving 2,6-DNT its unique fingerprint 

















Table 4.9 Calculated Frequencies (THz) and relative intensities of dimer and tetramer at 







293 K1  




Freq I Freq I Freq I Freq Freq 
  0.39 w     
  0.49 w     
  0.53 w     
0.61 w 0.66 w     
  0.74 w     
0.78 w 0.78 w     
  0.92 w     
1.11 w 1.09 w 1.1 w   
  1.21 w   1.17 1.18 
  1.23 w     
1.44 w 1.39 w 1.36 w   
  1.44 w   1.49 1.52 
  1.67 m 1.58 w 1.62 1.68 
  1.85 w     
  1.91 w   1.76  
1.83 w 1.96 m   1.8 1.8 
1.87 w 1.97 m    1.83 
1.89 w 2.23 m    2.1 
2.34 w 2.26 w     
2.45 s 2.44 s 2.5 s   
2.60 w 2.53 m     
  2.72 m     
  2.86 m     





Table 4.10 Assignment of the observed vibrational frequencies with dimer and tetramer model at B97D/6-311+G** 
Experiment1 Dimer Tetramer 
Assignment 
Freq I Freq I Freq I 
    0.39 w Translation of molecules: inter-dimer interaction mode 
    0.49 w Translation of molecules 
    0.53 w Intermolecular rocking of molecules: inter-dimer interaction 
  0.61 w 0.66 w Translation/rocking of the molecules 
    0.74 w Translation/rocking of the molecules 
  0.78 w 0.78 w Rocking of the molecules 
    0.92 w Rocking of molecules 
1.1 w 1.11 w 1.09 w  Symmetric rocking of molecules within dimers; asymmetric between dimers 
    1.21 w Rocking of molecules 
    1.23 w Rocking of molecules and twisting of one of the nitro groups 
1.36 w   1.39 w Rocking of the molecules and twisting of some nitro groups 
  1.44 w 1.44 w Asymmetric twisting of 2-nitro and 6-nitro of one of the 
molecules ; rocking of the molecules 
1.58 w   1.67 m Asymmetric twisting of 2-nitro and 6-nitro of one of the 
molecules ; rocking of the molecules 
    1.85 w Intermolecular mode: symmetric bending and wagging of the 
molecules within dimers 
  1.83 w 1.91 w Rocking of the molecules with twisting of some nitro groups 
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  1.87 w    
  1.89 w 1.96 m Rocking of the molecules; twisting and wagging of some nitro groups 
    1.97 m Asymmetric twist of the 2-nitro and 6-nitro in one molecule and 
wagging of some of the nitro groups 
   1.89 w 2.23 m 
Rocking of the molecules; symmetric twist of the nitro groups in 
one molecule and asymmetric twist of the nitro groups in one of 
the molecule 
    2.26 w Intermolecular mode: symmetric bending of the molecules with 
respect to each other within a dimer 
2.5 s 2.34 w    
  2.45 s 2.44 s Symmetric wagging of the nitro groups in one molecule; twisting 
of the other nitro groups and some methyl groups 
  2.45 s 2.53 m Wagging and twisting of some of the nitro groups ; twisting of 
some methyl groups 
  2.60 w 2.72 m Wagging and twisting of some of the nitro groups 
    2.86 m Symmetric partial bending of the molecules with respect to each 
other for one of the dimers, with the twisting of one nitro group 
^^ Freq=Frequency (THz); I= Relative intensities expressed in s, m and w, where s=strong; m=medium; w=weak. Assignment described is based 
primary on the tetramer calculation and the assignment made employing the dimer model (Table 4.8) is similar but may deviate slightly for some 




4.5  Conclusions and Discussions 
2,6-DNT molecule optimized at B97D/6-311+G** and B3LYP/6-311+G** has 
reasonably good structural agreement to that of the experimental structure. However, 
calculated frequencies using the monomer model did not correlate well to that of the 
experimentally observed peaks in the THz region. This is very likely due to the lack of 
intermolecular interactions from the isolated monomer model.   
Optimization at B97D/6-311+G** give a stacked dimer, structure 1, with good 
structural agreement to the dimer in the crystal structure. Calculated frequencies of the 
optimized stacked dimer are generally in good agreement to the experimental values. 
Thus, the dimer model works as a sufficiently adequate model in reproducing the 
experimentally observed THz spectrum of 2,6-DNT. The good agreement between the 
two sets of assignment with the dimer and tetramer model affirms the rigorousness of this 
approach of using the dimer and tetramer model in reproducing THz spectra from 0 to 3 
THz. It shows the reproducibility of the method from a dimer to the tetramer, which 
indicates a longer-range of intermolecular interactions. Assignment of the spectral details 
is successfully made.  
  B97D/6-311+G** has shown to be a suitable method in studying the low 
frequency vibrational modes of 2,4-DNT and 2,6-DNT using the dimer model.  This can 
shed some light in the assignment of the THz vibrational frequencies. The crystal 
structures of both 2,4 and 2,6-DNT showed that the stacking dimers are the primary 
repeating unit in the solid states.  The ability of B97D to give optimized structures similar 
to the stacked dimers present in the solid state give rise to calculated frequency values 
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and their corresponding relative intensities that correlates well with the experimental 
values. Thus, allowing assignment of the observed vibrational frequencies to be made 
with confidence.  
Some studies employing CASTEP, PBE functional, were carried out to include 
effects of periodic boundary conditions. Negative frequencies were observed for the 
optimized cell with experimental lattice constants. Hence, the data are not included for 
discussion in this chapter. However, it is notable that the assignment of most vibrational 
frequencies obtained from CASTEP calculations around 2.4 to 3 THz corresponds to 
intermolecular modes coupled with intramolecular vibrations involving the nitro groups. 
This agrees with the assignment made with the dimer and tetramer modes and highlights 
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Terahertz Spectroscopic Properties of 
Para- Aminobenzoic Acid 
 
5.1  Introduction 
Para-Aminobenzoic acid (PABA), also known as 4-Aminobenzoic acid, is an 
intermediate for folate synthesis. Therefore, it is also commonly known as Vitamin Bx. It 
is an important biological molecule in bacterial synthesis of folate1. However, it is a non-
essential vitamin in human as the human body does not possess natural capabilities to 
convert PABA into folate acid.  
Although PABA is not an explosive and related compound (ERC), it is an 
interesting compound worth studying in this thesis. The amine and carboxylic functional 
groups of PABA facilitate the study of the effects different types of hydrogen bonding 
have on frequency absorption in the terahertz (THz) region. This study offers valuable 
insights on the fundamental vibrations giving rise to the low frequency absorption peaks 
apart from weak intermolecular interactions discussed in chapters 3 and 4. 
Till current date, only one group has investigated the THz spectroscopic 
properties of PABA2. The room temperature THz spectrum of solid PABA, prepared in 
the form of powdered pellet, was measured using THz-time domain spectroscopy (THz-
TDS) from 0.3 to 2.4 THz. Fourier transform infrared spectroscopy (FTIR) was also used 
for the measurement from 1.5 to 19.5 THz. Five distinct THz absorption peaks were 
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observed at 0.59, 0.80, 1.29, 1.53 and 2.19 THz with THz-TDS, with the peaks at 1.53 
and 2.19 THz having high intensity. The assignment of the absorption peaks was studied 
theoretically using an isolated molecule model, at B3LYP/6-311+G**.  The calculations 
correlated reasonably well with the experimental spectrum from 2 to 19.5 THz and 
assignment was made. However, the first four observed absorption peaks from 0.3 to 2.0 
THz were unable to be accounted for by the isolated molecule calculations and were 
deduced to be intermolecular or phonon modes.  
In this chapter, the computational study focuses on the definitive assignment of 
the vibrational frequency peaks observed by THz-TDS from 0.3 to 2.4 THz. In addition 
to the assignment of the absorption peaks in the THz region, this chapter seeks to gain an 
insight on how different types of hydrogen bonding can influence the low frequency THz 
spectrum.   
5.2  Computational Methodology 
  DFT functionals B3LYP and B97D were employed in this study. B3LYP was 
chosen for this study as it has been shown to be capable of describing conventional 
hydrogen bonded complexes3-5. B97D was employed as it accounts for the weak 
dispersion forces as shown in chapter 3 and 4. The basis set employed was 6-311+G** in 






5.3  Results and Discussions 
5.3.1 Analysis of X-Ray Crystallography Structures  
X-ray crystal structures of PABA were obtained from Cambridge Structural 
Database (CSD). There were three PABA crystal structures with 3D coordinates available, 
namely by Marsh, R. E. et al6 (CSD: AMBNAC01), Fischer et al7 (CSD: AMBNAC04) 
and Natarajan et al8 (CSD: AMBNAC06) respectively. Hereafter referred to as CS01, 
CS04 and CS06 respectively. The three X-ray crystal structures were all acquired at 
temperatures from 283 to 303 K.  
The crystal structures have the same space group, P21/n, with different numbers of 
molecules in each unit cell. CS04 has 4 molecules in an unit cell while CS01 and CS06 
have 8 molecules in an unit cell. A main notable difference in the geometry of the PABA 
molecule in CS04 and CS06 lies in the planarity of the molecule. The molecule in CS04 
has both the carboxylic and amine groups non- planar to the phenyl ring while the 
molecule in CS06 has both the carboxylic group and amine groups planar to the phenyl 
ring. N-H·· ·pi weak hydrogen bonding interactions are observed in all the three crystal 
structures, with the N-H···pi distance ~3.0 Å. Different types of conventional hydrogen 
bonding are present in the three crystal structures.  The main type of conventional 
hydrogen bonding observed for the each of the three crystal structures are listed as 
follows. 
CS01: A pair of PABA molecules in the unit cell forms double O-H···O hydrogen 
bonding intermolecular interactions.  N-H···O hydrogen bonding is also observed.  
 CS04: The main hydrogen bonding intermolecular interactions observed for thi
O-H·· ·N and N-H···O interactions. 
CS06: The main intermolecular interaction within a single unit cell is the N
hydrogen bonding. When the structure is extended into a supercell with two or more unit 
cells, inter-unit cell molecules form
The intermolecular interactions observed in 
factors of CS01, CS06 and 
to determine the ‘goodness’ of a structure and whether a structure is sufficiently accurate, 
where the lower the R-factor, the better the quality
structures, the two main X
CS06. The unit cells are shown in Figure 5.1a, four tetramers describing the different 
intermolecular interactions observed in the unit cell and extended supercell of 
shown in Figure 5.1b and a tetramer, with intermolecular hydrogen bonding, observed 
from the CS06 supercell is shown in Figure 5.1c. 
Figure 5.1a X-ray crystal structures of PABA
 
ed the double O-H·· ·O hydrogen bonds. 
CS01 and CS06 are similar. The R
CS04 are in descending order. The R-factor is generally used 
9
. Based on the quality of the crystal 
-ray crystal structures considered in this work were 
 













Figure 5.1b Tetramers present in X-ray crystal structure7 
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5.3.2 Study of Monomer Model 
Geometry optimization of PABA molecule at B3LYP/6-311+G** and B97D/6-
311+G** give similar structures. The labeled structure of PABA is shown in Figure 5.2.  
Figure 5.2 Labeled structure of PABA  
 
Most of the calculated structural parameters of PABA molecule at B97D/6-311+G** and 
B3LYP/6-311+G** are in good agreement with crystallographic data, with the 
exceptions for the dihedral angles indicating the planarity of the molecule. The optimized 
structures have the carboxylic group planar to the phenyl ring and the amine group non-
planar to the phenyl ring.  
The frequency analysis of the PABA molecule shows one single calculated 
frequency value from 0 to 3 THz for both the methods. The calculated vibrational 
frequency is 2.24 THz and 2.11 THz at B3LYP/6-311+G** and B97D/6-311+G** 
respectively. Both methods give the same assignment for this vibrational frequency. This 
vibrational mode is the asymmetric twisting of the carboxylic group with the phenyl-


















Table 5.1 Crystallographic and calculated structural parameters (bond distances r (Å), 
bond angles ∠ (°) and dihedral angles τ (°)) of PABA molecule at B3LYP and B97D, 
with the basis set, 6-311+G**  
Structural 
Parameters 
Crystal DFT calculations 
CS047 CS068 B3LYP B97D 
r(C1-C2) 1.396 1.399 1.402 1.411 
r(C2-C3) 1.377 1.366 1.383 1.390 
r(C3-C4) 1.390 1.389 1.407 1.415 
r(C1-C7) 1.478 1.461 1.474 1.480 
r(C2-H2) 1.061 0.930 1.083 1.088 
r(C4-N1) 1.408 1.372 1.384 1.387 
r(N1-H4A) 0.884 0.860 1.008 1.011 
r(C7-O1) 1.331 1.318 1.363 1.377 
r(C7-O2) 1.212 1.230 1.212 1.220 
r(O1-H1) 1.065 0.819 0.968 0.971 
r(O2·· ·H1) 2.130 2.249 2.268 2.281 
∠H4B-N1-H4A) 111.4 120.0 114.1 113.9 
∠C7-O1-H1) 98.5 109.5 106.3 105.8 
∠O1-H1···O2) 80.8 77.6 76.4 76.9 
τC3-C4-N1-H4A) 33.0 0.0 20.3 21.2 
τ(C2-C1-C7-O2) -10.4 -0.9 0.0 0.1 
 
 Figure 5.3
This single vibrational frequency from the calculations 
for all the experimental absorption peaks from 0
experimental absorption peak at 2.19 THz. Hence, this indicates that the monomer is not 
an adequate model for studying the solid state THz 
section, the effects of intermolecular hydrogen bonding on the THz absorption spectrum 
of PABA are discussed with the aid of the dimer model. 
5.3.3  Study of Dimer Model and Influence of Hydrogen bonding 
A small scale study 
kinds of hydrogen bonding have on absorption in THz region. PABA dimers were 
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hydrogen bonding can result in different dimer conformations. Optimized dimer 
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spectrum of PABA. In the next 
 
 
was carried out to gain an insight on the influence different 
ional groups make PABA molecule, a very good 
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ding are discussed here.
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Structure H1 exhibits N-H···N hydrogen bonding, where the amine hydrogen from 
one of the molecule forms a hydrogen bond with the electronegative nitrogen from the 
amine group of the neighbouring molecule. Structure H2 exhibits double O-H···O 
hydrogen bond where two such hydrogen bonds bridge the terminal carboxylic groups of 
two neighbouring PABA molecules. Structure H3 highlights the O-H···N hydrogen 
bonding, where the acidic hydrogen from the carboxylic group forms a hydrogen bond 
with the nitrogen of the amine group of the neighbouring molecule. N-H···O interaction 
between the electropositive hydrogen from the amine group of one molecule with the 
electronegative oxygen of the carboxylic group of the neighbouring molecule is also 















H···N hydrogen bonding is also observed in this structure, where one of the phenyl 
hydrogen interacts with the neighbouring amine nitrogen.   
The calculated frequencies and relative intensities of the structures H1 to H4 
exhibit distinct THz absorption spectra and each have the most intense peak at different 
frequencies in the region of 0 to 3 THz (Figure 5.5). The illustrations of the assignment of 
calculated vibrational frequencies of highest intensity for H1 to H4 from 0 to 3 THz are 
shown in Figure 5.7. Interestingly, the assignment shows that these high intensity 
frequency vibrational modes seem to be indicative of some form of hydrogen bond 
vibrational modes, where the molecules vibrate to maximize the hydrogen bonding.  
The vibrational mode for H1 at 2.05 THz shows the rocking of one of the 
molecules and the asymmetric bending of the phenyl ring and the carboxylic group of the 
other molecule. The nitrogen of the amine group of one molecule looks like it is bending 
towards the amine hydrogen of the opposing molecule. This mode seems to be the N-
H···H hydrogen bonding stretch by bringing the amine hydrogen of one of the molecules 
and the electronegative nitrogen of the neighboring molecule closer to each other. 
The vibrational mode of H2 at 1.42 THz corresponds to that of the in-phase 
rocking of the PABA molecules with respect to each other, also known as the cogwheel 
mode. One can envisage this mode to be the in-plane bending of the molecules at the 
hydrogen bonding sites, minimizing O-H···O distance and promoting the O-H···O 
hydrogen bonds. While this mode is most intense from 0 to 3 THz, the hydrogen stretch 
mode that is of greater interest occurs at 3.19 THz. However, this hydrogen stretching 
mode is not IR active, possibly due to the cancelling out of change of dipole.  
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The vibrational mode of H3 at 2.11 THz is assigned as an intermolecular 
vibration mode coupled with intramolecular vibrations: in plane rocking of one of the 
PABA molecule, and for the other molecule, asymmetric twisting of the carboxylic group 
and the rest of the molecule. 
The vibrational mode of H4 at 2.72 THz is purely an intermolecular vibrational 
mode. This mode can be described as the N-H···O hydrogen bond stretch. The rocking of 
the two PABA molecules stretches the distance between the oxygen of the carboxylic 
group and its neighbouring amine hydrogen.  
Different kinds of intermolecular hydrogen bonding have shown to affect the THz 
spectrum of PABA. Even for the same compound, the arrangement of the molecules in 
the solid state affects the THz spectrum due to different interactions between the 
molecules. Among the calculated THz spectra (Figure 5.5) of H1 to H4, calculated 
frequencies and relative intensities of H3 correlates best to the experimental THz 
spectrum from 0.3 to 2.4 THz. The main intermolecular interaction described in H3 is O-
H···N hydrogen bonding. In contrast, H2, featuring the doubly hydrogen bonding 
interactions similar to that observed in the crystal structures by Marsh, R. E. et al6 and 
Natarajan et al8, do not agree as well to the experimental values. Since the O-H·· ·N 
hydrogen bond is only observed in the crystal structure CS04 by Fischer et al7, this 
suggests that the intermolecular interactions dominating the arrangement of the PABA 
molecules within the solid powdered pellet used for the THz measurement by Song, Q. et 
al2 are most probably similar to those in CS04. This gives higher degree of confidence for 
using CS04 in the assignment of the vibrational frequencies in the next section.  
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Figure 5.6 Illustrations of the vibrational modes of H1 to H4 (Red arrows indicating 
direction of vibrations) calculated at B3LYP/6-311+G**  
 
H1 
Vibrational mode of H3 at 2.11 THz 
Vibrational mode of H2 at 1.42 THz 
H2 
H3 H4 
Vibrational mode of H4 at 2.72 THz 
Vibrational mode of H1 at 2.05 THz 
2.05 THz 1.42 THz 
2.11 THz 2.72 THz 
H1 H2 
H3 H4 
0.36 THz 1.18 THz 
0.42 THz 
0.67 THz 1.29 THz 
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5.3.4  Study of the Tetramer Model 
From the crystal structures analysis, the dimer model offers an inadequate 
representation of the intermolecular interactions observed between the PABA molecules 
in the crystalline environment. The tetramer unit accounts for both intermolecular 
interactions within a dimer as well as inter-dimer interactions in crystal and gives a more 
detailed representation of the interactions of PABA molecules in crystalline state than the 
dimer model. Hence, the tetramer models were employed as theoretical models for the 
assignment of observed vibrational frequencies from 0.3 to 2.4 THz 
5.3.4.1      Selection of Crystal Structure for Assignment  
The tetramer units, T1 to T4 (Figure 5.1b), show the main intermolecular 
interactions responsible for the arrangement of PABA molecules in CS04 while T5 
(Figure 5.1c) shows the intermolecular interaction in CS06. Of which, T4 and T5 have 
conventional hydrogen bonding as the main intermolecular interactions between the 
molecules in the tetramers. T4 and T5 were used as initial geometries for optimization at 
B3LYP/6-311+G** and OT1 and OT2 were obtained as optimized geometries 
respectively (Figure 5.7). These two optimized tetramers well described the 
intermolecular hydrogen bonding between the molecules in the crystal structures. OT1 
reproduces the O-H·· ·N and N-H·· ·O hydrogen bonding of T4 from CS04, while OT2 
reproduces the O-H·· ·O and N-H···O hydrogen bonding of T5 from CS06.   
 The calculated THz spectrum of OT1 at B3LYP/6-311+G** agrees well to the 
experimental THz spectrum of PABA with minor shifts in the frequency values. The 
calculated vibrational frequencies of weak intensity at 0.56, 0.91and 1.24 THz and two 
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intense peaks at 1.78 THz and 2.31 THz correspond to the experimental peaks at 0.59, 0.8, 
1.29, 1.53 and 2.19 THz respectively. In contrast, the calculated spectrum of OT2 at 
B3LYP/6-311+G** does not agree as well to the experimental values. This suggests that 
the arrangement of the molecules in the PABA solid pellet used for the experimental THz 
measurement can be more appropriately described with OT1 rather than OT2. Hence, the 
arrangement of the molecules in CS04 is most probably more representative of the 
crystalline environment of actual solid pellet used in experiment.  
Figure 5.7 OT1 and OT2, Optimized Tetramers at B3LYP/6-311+G** 
 
Figure 5.8 Calculated THz Spectra (Plot of Intensity against Frequency) of OT1 and 
OT2 at B3LYP/6-311+G** from 0 to 100 cm-1 (0 to 3 THz)             
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5.3.4.2       Assignment of THz spectrum of PABA  
The assignment of the THz spectrum of PABA is based on the crystal structure 
CS04 as it has been shown to be most representative of the solid powdered pellet used for 
the experiment measurement. From Figure 5.1b, there are a few possible tetramer 
conformations observed from CS04. OT3 and OT4 are tetramer structures optimized at 
B97D/6-311+G** and B3LYP/6-311+G** respectively (Figure 5.9). These two 
optimized structures well describe the interactions and arrangements of PABA molecules 
in the tetramer unit, T2, observed in crystal environment.  The primary intermolecular 
interactions determining the arrangements of PABA molecules in these optimized 
structures, are the N-H·· ·O and O-H···N conventional hydrogen bonding, as well as N-
H···pi intermolecular hydrogen bond and weak pi· · ·pi stacking interactions. Calculated 
frequencies and relative intensities of OT3 and OT4 correlate well with the experimental 
absorption peaks at 1.53 THz and 2.19 THz. 
Since OT1 and OT3/OT4 are similar to T4 and T2 of the crystal structure, which 
are both representative tetramer conformations present in a single unit cell, their 
calculated THz spectra should be superimposed (Figure 5.11) and the assignment of the 
experimental THz spectrum should be made with both tetramer conformations, OT1 and 
OT3/OT4, in order to achieve a more complete assignment.  
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Figure 5.9 Optimized tetramers at B97D/6-311+G** (OT3) and B3LYP/6-311+G** 
(OT4)
 
Figure 5.10 Calculated Spectra of OT3 and OT4 at B97D/6-311+G** and B3LYP/6-












0 20 40 60 80 100 





























Figure 5.11 Superimposed THz Spectra of OT1 and OT4 at B3LYP/6-311+G** from 0 
to 100 cm-1 (0 to 3 THz) 
 
 The observed THz absorption peaks from 0.3 to 2.4 THz is assigned with OT1 
at B3LYP/6-311+G** in Table 5.2. The absorption peaks at 0.59, 0.80, 1.29 and 1.53 
THz are assigned to rocking and/or translation of molecules with no intramolecular 
vibrations. The observed peak at 2.19 THz is likely to be a combination of a few 
calculated vibrational modes, at 2.24, 2.30(7) and 2.31(2) THz and is assigned to 
intermolecular rocking modes coupled with intramolecular vibrations: asymmetric 
twisting of carboxylic and phenyl-amino groups as well as carboxylic-phenyl bend.  
 The assignment of the experimental vibrational frequencies using OT3 and 
OT4 at B97D/6-311+G** and B3LYP/6-311+G** are shown in Table 5.3. The 
assignment agrees within the two methods and provides confidence to this assignment. 
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intermolecular vibrational mode coupled with intramolecular vibrations. This vibrational 
mode can be split into the intermolecular vibration, with the asymmetric in-plane rocking 
of the stacked molecules (Molecule 2 and 3) with respect to each other, as well as the 
intramolecular vibration, with the asymmetric twisting of the carboxylic group with the 
rest of the molecule for the two slanted molecules (Molecule 1 and 4). The intramolecular 
vibration of this vibrational mode of the tetramer model is similar to the calculated first 
vibrational mode of the single-molecule (Figure 5.3).  Although the calculated frequency 
for this vibrational mode seems to be red-shifted for both the methods from the monomer 
to the tetramer model, the shift in THz is less than 0.15 THz for both the methods. 
 The two sets of assignment employing OT1 and OT4 at B3LYP/6-311+G** 
(Table 5.2 and 5.3), are in good agreement. Most of the observed absorption peaks have 
been assigned to intermolecular vibrational modes, with rocking and translation of 
molecules. The absorption peak at 2.19 THz is assigned to intermolecular rocking of the 
molecules coupled with intramolecular interactions of some molecules. The 
intramolecular interactions are asymmetric twisting of carboxylic and phenyl-amino 
groups as well as carboxylic-phenyl bend.  
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Table 5.2 Assignment of observed vibrational frequencies (THz) for PABA with OT1 at B3LYP/6-311+G** 
Experimental2   B3LYP/              6-311+G** 
 Assignment 
Freq I   Freq I   
0.59 w-m   0.30 w  Rocking of the molecules 
  
  0.39 w  Rocking of the molecules 
  
  0.56 m  Translation/rocking of the molecules 
0.80 w-m   0.91 w  Rocking of the molecules 
1.29 w-m   1.24 w  Rocking of the molecules 
1.53 s   1.78 s  Rocking of the molecules 
2.19 s   2.24 m  Rocking of the molecules and asymmetric twisting of the carboxylic acid group and the phenyl-amino group for 




s  Rocking of the molecules and Carboxylic-Phenyl group 




 Rocking of the molecules and asymmetric twisting of the 
carboxylic acid group and the phenyl-amino group for 
M2 and M4 
^^ Freq= Frequency (THz); I=Relative Intensity, where s= strong; m=medium; w=weak. M1 to M4 are abbreviations used for 




Table 5.3 Assignment of observed vibrational frequencies (THz) for PABA with OT3/OT4 at B97D and B3LYP/6-311+G** 
Experimental2  B97D/              6-311+G** 
 
B3LYP/              
6-311+G** 
 Assignment 
Freq I  Freq I  Freq I   
0.59 w-m  0.21 w  0.16 w  Translation/ rocking of the molecules 
   0.29 w  0.37 w  Rocking of the molecules 




 0.57 w  Rocking of the molecules 
0.80 w-m  0.83 w     Rocking of the molecules 
   0.86 w     Rocking of the molecules 
   1.08 w  
  
 Rocking of the molecules 
   1.09 w     Rocking of the molecules 
1.29 w-m  1.24 w  1.03 w  Asymmetric out of plane rocking of M2 and M3 
      1.18 w  Rocking of the molecules 
1.53 s  1.51 m  1.37 m  Rocking of the molecules with asymmetric out of plane 




 1.73 w     Rocking of the molecules with twisting of the carboxylic groups of M1 and M4 
  
 1.81 m     Translation/rocking of the molecules with twisting of 






 Asymmetric in plane rocking of M2 and M3 with respect 
to each other. Asymmetric twisting of the carboxylic 






 Symmetric in plane rocking of M2 and M3 with respect 
to each other. Asymmetric twisting of the carboxylic 
groups and the rest of the molecules of M1 and M4 
^^ Freq= Frequency (THz); I=Relative Intensity, where s= strong; m=medium; w=weak. M1 to M4 are abbreviations used for 







5.4  Conclusions and Discussions 
The arrangements of the molecules in the different crystal structures vary due to 
the different predominant intermolecular forces at work. These, in turn, give rise to the 
different unique absorption peaks in the THz region. This is evident from the calculations 
carried out on H1 to H4, where the PABA dimers, with different arrangements due to the 
different intermolecular interactions, yield uniquely different THz absorption spectra.  
The calculated frequencies and relative intensities of the two tetramers, OT1 and 
OT4, optimized at B3LYP/6-311+G** generally correlate well with the experimental 
values. The two sets of assignment are based on the two tetramers, describing the various 
intermolecular interactions of the crystal structure, CS04, by Fischer et al. This crystal 
structure has been shown to better represent the crystalline structure of the PABA solid 
pellet used in the THz measurements compared to the other available structures.  All the 
observed absorption peaks from 0.3 to 2.4 THz are successfully assigned. The two sets of 
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 Conclusions, Discussions and Future Works 
 
6.1 Conclusions and Discussions 
The theoretical study of THz spectroscopic properties of 2,4-DNT and 2,6-DNT 
in chapters 3 and 4 has reinforced the general finding that the monomer model is 
inadequate in reproducing the experimental THz absorption peaks. The experimental THz 
absorption peaks from 0 to 3 THz are assigned theoretically with the dimer and tetramer 
models at B97D/6-311+G** in this work.   
Optimization of the dimers of 2,4-DNT and 2,6-DNT at B97D give structures 
similar to the dimer units in the crystal structures. Both the calculated frequencies and 
relative intensities at B97D/6-311+G** agree well with the experimental THz spectra. It 
is necessary to include intermolecular interactions in the theoretical model in order to 
understand the origins of absorption frequencies in the THz region. Most importantly, the 
main criterion for good agreement between calculated and experimental THz spectral 
details is the ability of the theoretical model and method to aptly describe the 
intermolecular interactions observed in the crystalline environment.  
THz spectroscopic properties study of PABA in chapter 5 again demonstrates the 
importance of intermolecular interactions in influencing THz spectroscopic properties of 
compounds. Different types of interactions affect the conformational arrangement of the 
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molecules in the crystalline state and the polymorphic properties give rise to different 
THz spectra.  
The employment of both the dimer and tetramer as theoretical models in the study 
of 2,4-DNT and 2,6-DNT shows that two sets of assignment made using the dimer model 
and the tetramer model are in remarkably similar agreement. The dimer accounts for the 
intramolecular and intermolecular interactions between the molecules in the dimer while 
the tetramer model gives additional insights on the inter-dimer interactions, not captured 
by the dimer model. This shows that the gradual stepwise inclusion of the intermolecular 
interactions in theoretical model works well in accounting for the essential interactions 
required to reproduce the THz absorption spectra from 0 to 3 THz.  
In terms of theoretical methodology, the DFT functional B97D, which take 
dispersion forces into account, have played an important role in this study. B97D is better 
in reproducing the weak intermolecular interactions observed in the X-ray crystal 
structures as compared to the other DFT functional, B3LYP, which neglects the 
dispersion term. However, B3LYP has shown to be reliable in geometry optimizations 
and frequency calculations for systems with conventional hydrogen bonding, as in the 
case of PABA (Chapter 5). Thus, it is important to choose a method that can describe the 
intermolecular interactions of the molecules in the crystalline state aptly. The basis set 6-
311+G** is determined to be an accurate basis set for the theoretical studies of THz 
spectra of ERCs from 0 to 3 THz. A general rule of thumb, for ERCs where weak and 
dispersion intermolecular interactions are dominant in the crystalline state, B97D/6-
311+G** should work well while B3LYP/6-311+G** works well when conventional 
hydrogen bonding and electrostatic interactions are dominant in the crystalline state. 
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This work also reflects the importance of having knowledge on the crystal 
structures of the ERCs used in the experimental THz measurements. The dominant 
intermolecular forces determining the packing of molecules in crystal must be known in 
order to correctly account for the interactions in the calculations.  Different polymorphs 
may exist for a chemical compound in its solid state, especially for organic molecular 
crystals. Different intermolecular forces determine the different arrangement of 
molecules in the polymorphs. Consequently, one of the factors in having calculated 
frequencies and relative intensities with good correlation with experimental values lies in 
studying the correct polymorph used for the THz measurements. Unfortunately, this is 
made difficult with the lack of knowledge on the crystalline information of the solid used 
by the experimentalists in THz measurements. Most of the existing THz spectra of ERCs 
were obtained using solid pellet ERCs samples. The powder X-ray diffraction 
crystallography could have been taken to gain more information of the crystal structures 
of the ERCs used for the THz measurements.  
As mentioned in chapter 1, the second objective of this work is of that of a long 
term consideration, to assess the feasibility of predicting the THz spectra of ERCs on the 
Singapore Army Force’s threat list via theoretical calculations without conducting actual 
THz experiments. From this work, it is clear that while the theoretical calculations can be 
used for assignment of experimental vibrational frequencies in the THz region, it is 
inappropriate to attempt to predict the absorption peaks theoretically without adequate 
knowledge on the crystal structures or experimental spectra for the reasons stated above. 
The different ERCs have different intermolecular interactions, usually weak dispersive 
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forces, dominating the molecular arrangements in the crystalline environment, which 
makes it a challenging task to select the crystal structures to be used for the calculations.  
6.2  Future Works and Possible Improvements 
The lack of information available on the actual crystal structures of the powdered 
ERCs samples used in experimental THz measurements is a crucial deterring factor in 
understanding the vibrations giving rise to the unique absorptions in the THz region. 
Hence, possible collaborations amongst experimentalists will facilitate more accurate 
assignment of the vibrational spectra of ERCs in the THz region. Parallel THz 
measurements and powdered X-ray diffraction of the ERCs powdered pellets can be 
carried out so that both the THz absorption spectra and information on the crystal 
structures of ERCs can be obtained simultaneously. Concurrently, crystal structure 
prediction software, which has been increasingly studied, may be carried out to gain 
insights on the ERCs’ polymorphism. Theoretical calculations can then be carried out 
with the information and a more unambiguous assignment of the THz absorption peaks 
may be obtained. 
From this work, it shows that the calculated harmonic vibrational frequencies 
agree well with the experimental values. The effect of anharmonicity seems to be 
minimal for the systems studied. Anharmonicity has not been carried out due to the high 
computational resources and time required for such calculations. This work has shown 
that the calculated frequencies and relative intensities are basis-sets dependent and the 
optimal basis set in this work is 6-311+G**, the anharmonic calculations have to be 
carried out at the same basis set to be meaningful.
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calculations even more unmanageable. Future work may include the consideration of 
anharmonicity when more efficient processors or codes are available.  
Future work may also include exploration of CASTEP and other software capable 
of handling periodic boundary conditions. Examining the other DFT functionals available 
in CASTEP code, optimizing the cell constants together with the molecules in an unit cell 
and increasing the convergence criteria are some possible ways to obtain optimized cell 
structures without imaginary frequencies so as to gain more knowledge of the effects of 
periodic boundary conditions on the THz spectroscopic properties of ERCs from 0 to 3 
THz.  
 
